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In situ capping is a remediation alternative for contaminated sediments which has 

been implemented to contain contaminants in sediments in rivers, lakes and ponds. One 

concern with in situ capping is that the additional load due to the in situ cap may cause 

consolidation-induced mobilization of non aqueous phase liquids (NAPL). Therefore, it is 

important to understand the consolidation behavior of NAPL contaminated soils. The 

difficulties of testing river-bed sediments are that these sediments usually are very soft, 

have very high porosities, and are very compressible. In addition, the contaminants in 

these sediments should be contained during testing. 



 vii 

The primary objective of this research is to investigate the behavior of NAPL 

contaminated sediments under anisotropic consolidation.  A modified triaxial testing 

system was developed to simulate the consolidation of very soft sediment specimens 

along with a reconstituted NAPL contaminated specimen preparation procedure. 

Kaolinite and Anacostia River sediments were used for the sediments’ solids phase. A 

low viscosity mineral oil, Soltrol 130, was used to represent the NAPL phase. Tap water 

was used as the water phase. PM199
TM

, a type of organophilic clay manufactured by 

CETCO, was used as well to study its effectiveness in containing expelled NAPL. Two 

sets of consolidation tests were performed: 1) tests on sediment specimens at various 

NAPL contents and porosities; and 2) tests on specimens contaminated with NAPL with 

organophilic clays either placed as a layer on top or mixed within the sediment. The 

results showed that NAPL mobilization was negligible below a threshold NAPL content. 

Hydraulic conductivities increased with increasing NAPL content up to four orders of 

magnitude. The tests with organophilic clay showed that when large enough amounts are 

used, NAPL expulsion can be completely stopped. Organophilic clay reached its full 

capacity independent of the NAPL content of the underlying sediment. 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

Remediation of river-bed contaminated sediments is a long lasting problem. 

Approximately 0.9 billion m
3
 of sediment is contaminated in the United States (USEPA 

1998). The contaminants in sediments affect benthic organisms living at the bottom of the 

water body. When larger animals, i.e. fish, feed on these organisms, these contaminants 

will move up in the food chain and they pose a threat to human health. 

There are several approaches commonly used in practice for the remediation of 

contaminated sediments. Monitored natural recovery is described as using natural 

processes in order to destroy contaminants in sediments. This option is cost effective: 

however long remediation times are required. Dredging is a common approach for 

sediment remediation and used for removing the contaminated sediment layer and 

disposing them at a different location. After treatment, these sediments can be used at 

various locations such as beach sites and wetland constructions (Mulligan et al. 2009). 

However during dredging, contaminant levels in the river water can be altered. 

In situ remediation systems for the contaminated river bed sediments have been 

becoming more popular in recent years due to their relatively lower cost, less damage to 

the ecosystem, and efficiency. Active and passive capping are two types of in situ 

remediation systems. Passive capping is described as using chemically inert materials on 

the sediments for the containment. Organophilic clay, apatite and coke are examples of 
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active sediment cap materials. Organophilic clays have chemically altered structure 

which makes them attract and adsorb organics. 

1.2 Remediation of Contaminated Sediments 

There are several methods for the remediation of NAPL contaminated sediments. 

Each method has its own advantages and limitations. Each project should be evaluated 

independently for finding out the most appropriate remediation method. 

1.2.1 Monitored Natural Recovery 

Monitored natural recovery involves the use of natural processes to contain or 

destroy the toxicity of contaminants in sediments. Through 2002, natural recovery had 

been used in approximately 10 superfund sites (Agency 2002). One advantage of natural 

recovery is its relatively lower cost and non-invasive nature. Since construction of any 

structure is not required, this method is less disturbing for the nearby communities. On 

the other hand, longer remediation times are required for natural recovery. Since the 

contaminants are contained in the sediment layer, contaminant migration may occur if the 

sediment layer is disturbed. Although short term performance monitoring result are 

promising, long term data on fish tissue are not available so far (Magar 2003). This 

method is preferred usually when the sediments have a low level of contamination. 
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1.2.2 Dredging 

Dredging is described as the removal of the contaminated sediment layer. Every 

year in the USA, 306 m
3
 of material is dredged from seas, ponds, canals…etc. 46 m

3
 of 

this amount is placed in oceans while 260 m
3
 is placed in various locations such as beach 

sites, wetland constructions, and other applications (Mulligan et al. 2009). The dredging 

is performed either with mechanical buckets or hydraulic pumps. 

There are several concerns about dredging. First, dredging may alter the water 

contamination due to the disruption of the sediment layer during the process. Noise and 

air pollution are other shortcomings which may influence the nearby community and the 

personnel. Depending on the contaminant level, the sediments are either treated and used 

in other areas, or disposed (Mulligan et al. 2009). 

1.2.3 In Situ Capping 

In situ capping is defined as the implementation of a chemically inert soil layer on 

the contaminated sediment for containment. In situ remediation systems for the 

contaminated river bed sediments have become more popular in recent years due to their 

relatively lower cost, less damage to the ecosystem, and efficiency. The objectives of an 

in situ capping are (Reible 2005): 

1. Containment of contaminants 

2.  Isolation of the contaminated sediment from the water and the biota. 
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A detailed guideline for the application of in situ capping was developed by the 

US Army Corps of Engineers (U.S. EPA 1998d, U.S. EPA 1994d). Some of the 

considerations before using in situ cap designs are whether the contaminants have low 

flux rates, water depth is suitable after cap placements, and whether or not a proper cap 

material can be easily obtained (USEPA 2002). The advantages of capping are that it can 

contain the contaminants quickly. Cap provides a clean environment for the biota. In 

addition, the cost for cap implementation can reduce greatly if the cap material is readily 

available. The elements of a cap design are shown in Figure 1.1. Mohan et al (2000) 

indicated that following considerations should be taken into account for a cap placement: 

1. Consolidation due to cap load. 

2. Contaminant transport such as advection, dispersion. 

3. Hydraulic factors such as river flow velocity, ice scour…etc. 

 

Figure 1.1: Cap system (Mohan et al. 2000). 
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One concern with capping is that the cap material may erode over the time so that 

the effectiveness of the cap material may reduce. In addition, surficial sediments usually 

exist at very high water contents: therefore stability and settlement can be problems that 

arise due to the cap loading. The strength of the sediment layer plays an important role 

for stability since it provides resistance to the applied loads. The undrained shear strength 

of the sediment layer is more critical since it represents the situation right after the cap 

implementation when the pore pressures have not dissipated yet. It is recommended that 

the cap application should be performed gradually to prevent immediate loading of the 

sediment. 

The settlement of the sediment layer would reduce the pore volume in the 

sediment which would encourage contaminant mitigation. NAPL breakthrough into the 

water column may occur due to the consolidation of the sediment layer as a result of the 

cap loading. The top 5 cm of the sediment layer are especially soft and cannot carry any 

load. This zone is called the drifting layer and after a cap application this layer may 

escape or mix with the cap material (Fukue et al. 1987). 

In situ capping has been evaluated in the literature in several case studies. Azcue 

et al (1998) and Zeman and Patterson (1997) reported a succesful application of a cap 

layer in Ontario, Canada Talbert et al. (2001) placed soil, sand, and spheres on a 

simulated bed surface as a cap and observed reduction in soluble chemical flux into the 

water column. Zeman (1994) performed tank tests in order to observe the behavior of the 

sand cap and sediment layer when consolidation induced flux was present. 
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Cap material should be placed slowly and uniformly on the contaminant area. 

Immediate cap loading may threaten the stability of the cap material and may cause the 

resuspension of the contaminants into the river water. Examples of capping equipment 

and placement methods are shown in Figure 1.2 (USEPA 2002). 
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Figure 1.2: Cap placement methods (USEPA 2002). 
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1.3 Problem Statement 

Application of an in situ cap adds additional load on the sediment layer. Surficial 

sediments usually are very soft and have very high fluid contents. Therefore additional 

load due to the cap material can lead to disturbance due to substantial consolidation of the 

sediments and displacement of previously contained contaminants. Figure 1.3 shows the 

illustration of the consolidation of a sediment layer with a height, H, when loaded with a 

cap material with a height of Hc. Due to the consolidation of the sediment layer, pore 

water in the sediment layer drains out of the sediment layer. 

 

Figure 1.3: Illustration of a sediment layer under consolidation (Mulligan et al. 

2009). 

The assessment of the consolidation behavior of surficial sediments is important 

before any cap implementation. Previous research shows that NAPLs can be mobilized as 

a result of consolidation (Moretti 2008; Steward 2007; Thornley et al. 2006). The 

consolidation properties of sediments can be evaluated by laboratory tests; however, 
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these tests are challenging mainly because these sediment specimens are very soft with 

very high fluid contents and void ratios. It is difficult to extrude a field specimen or 

prepare a laboratory specimen for consolidation tests. In addition, the contaminants in 

sediments may need special care during tests. 

1.4 Objectives of Research 

This research focuses on the behavior of the NAPL contaminated soils when 

consolidation of the sediment layer occurs under the cap load. The objectives of this 

research are: 

1. Developing a testing system to simulate the consolidation of the sediments 

accurately. Conventional one dimensional consolidation tests are not considered 

very effective for very soft sediments since the sediments usually are fine grained 

low strength media with very high fluid contents. 

2. Developing a laboratory specimen preparation method to prepare artificial 

sediments in the laboratory at various void ratios and water/oil saturations. 

Kaolinite (a type of clay mineral) will represent the soil solids phase of the 

sediment. Soltrol 130 (a type of mineral oil) will be used as the NAPL. The 

purpose of using one type of soil solids and NAPL will eliminate the uncertainties 

in the results due to heterogeneity of specimens. 

3. Performing consolidation tests on the sediments which have various NAPL 

saturation ratios. Loading stages will represent the in situ condition different cap 
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loads. These tests will help characterize the behavior of NAPL contaminated 

specimens with various NAPL content and void ratios under consolidation. 

4. Performing consolidation tests using clean sediment which was collected from the 

field. The sediment will be air-dried and mixed to the desired NAPL and water 

content. These tests will help understand the behavior of field sediments when 

pore fluid type and content is controlled. 

5. Performing consolidation tests with organophilic clay. The organophilic clay will 

be either placed on the top of the specimens or mixed with the sediment solids. 

Performance of organophilic clay implementation will be evaluated by comparing 

the results with the previous tests. 

1.5 Dissertation Structure 

This dissertation consists of seven chapters. 

 Chapter 1 is the introduction including the problem statement, objectives of the 

research and dissertation structure. 

 Chapter 2 is the literature survey about the remediation of contaminated 

sediments, testing consolidation properties of very soft soils including sediments, 

transport of contaminants in porous media, effects of NAPL on engineering 

properties of sediments, and properties of organophilic clay as an active cap 

material. 
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 Chapter 3 includes the properties of the materials used for specimens as sediment 

solids, NAPL and water phases, and organophilic clay. 

 Chapter 4 explains the testing methodology which includes the modifications to a 

traditional triaxial frame for consolidation tests, a laboratory specimen preparation 

method for reconstituted NAPL contaminated sediments at various NAPL 

saturations and void ratios, and the procedure for final fluid content 

measurements. 

 Chapter 5 presents the results of the tests on NAPL contaminated specimens with 

and without organophilic clay which was either placed as a layer on top of the 

sediment or mixed with the sediment solids. 

 Chapter 6 includes the analysis of the tests on NAPL contaminated sediment 

specimens with and without organophilic clay. In this chapter, consolidation 

properties of sediments were calculated and their relationship with the sediment 

properties was investigated. The results of the tests with organophilic clay were 

compared with the tests without organophilic clay in order to determine the 

performance of organophilic clay application. Fluid content profiles along 

specimens were presented for representative specimens. 

 Chapter 7 includes the summary and conclusions of this research as well as 

recommendations for future work. 
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CHAPTER 2: LITERATURE SURVEY 

2.1 Introduction 

When an in situ cap is implemented in a river, the additional cap load may trigger 

NAPL mobilization in the sediment. Therefore it is important to understand the effect of 

NAPL on the properties of sediments. For fine grained soils, the effect of pore fluid on 

the soil structure is explained with diffuse double layer theory. When fine grained soils 

are exposed to organic fluids, their engineering properties may change. This chapter 

includes a review of the behavior of soils with different pore fluids reported in the 

literature. NAPL may be immobile and retained in the soil matrix during consolidation 

when the NAPL saturation drops below a threshold value. Several NAPL retention 

mechanisms in a porous media are explained. 

The laboratory testing of sediments are challenging since they usually have very 

high moisture contents and they are weak. Therefore traditional laboratory tests may not 

be convenient for these soils. Several test methods developed for testing very soft soils 

are discussed. 

Organophilic clays are chemically altered soils to adsorb organic fluids and can be 

used for remediation of NAPL contaminated soils. Characteristics of organophilic clays 

are explained. The assessment of organophilic clay in the literature is summarized. 
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2.2 Diffuse Double Layer Theory 

Due to the surface charge on the clay particles, when kaolinite particles are 

exposed to a fluid, the fluid forms the double layer around the particles. If the net force 

between soil particles is attractive, the particles will move towards each other and form a 

flocculated structure. If the net force is repulsive, the particles will form a more dispersed 

structure. The double layer thickness around a kaolinite particle can be estimated using 

the Guy-Chapman equation given as; 

           
 

 
  

     

       
 
   

 (2.1) 

where 1/K is distance to center of gravity of double layer charge distribution, ε0 is 

permittivity of vacuum, D is Dielectric constant, K is Boltzmann constant, T is 

temperature in ºK, n0 is reference ion concentration, e is charge of one electron, v is ion 

valence. 

 

When the double layer thickness increases, the kaolinite particles form a more 

dispersed structure, hence occupy less space; whereas, if the double layer thickness is 

smaller, the particles get into a flocculated structure (Figure 2.1). When the clay particles 

form a flocculated structure, the soil stiffness, strength and permeability increases 

compared to the dispersed structure. Figure 2.2 shows the thickness of soil submerged in 

pore fluids with different properties. According to the relation given in equation 1, the 

double layer thickness is affected by the electrolyte concentration, ion valence, dielectric 

constant, temperature, size of hydrated ion, and pH (Lambe and Whitman 1969). 
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 (a) (b) 

Figure 2.1: (a) Dispersed and (b) flocculated clay formation. 
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Figure 2.2: Effects of System Characteristics on Soil Sediment (a) Effect of 

Electrolyte Concentration; (b) Effect of Ion Valence; (c) Effect of Dielectric 

Constant; (d) Effect of Temperature; (e) Effect of Size of Hydrated Ion; (f) Effect of 

pH. Each tube has the same concentration of soil in liquid (Lambe and Whitman 

1969). 
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2.3 Behavior of Soils with Non-Polar Fluids 

Geotechnical engineering problems typically deal with soils which have only 

water in their pore structures. It is known that when the pore fluid is different than water, 

for example non-polar fluids, the properties may change drastically. Although sand is 

relatively chemically inert, exposure to non-polar fluids for clays cause the clay particles 

to get into a new structure that changes the shear strength, hydraulic conductivity and 

compressibility which is due to the change in thickness of diffuse double layers around 

the clay particles. 

2.3.1 Shear strength 

Tests on specimens with various pore fluids indicated that the pore fluid has an 

influence on the shear strength. Anandarajah and Zhao (2000) performed undrained 

triaxial tests on kaolinite specimens with various pore fluids. They observed that the 

specimens under shear stress behaved similar to overconsolidated soils which pointed to 

apparent overconsolidation. Peak shear strength of kaolinite with heptanes (ε = 1.9) was 2 

to 4 times higher than the tests with pore fluid of water. 

Goff (2011) performed triaxial shear strength tests on reconstituted soil specimens 

at various non-aqueous phase liquid (NAPL) saturations using the specimen procedure 

explained in Erten et al. (2011; 2012). Standard test method for CU type of triaxial test 

was used (ASTM 2011a). Goff (2011) used Georgia kaolinite as soil phase and Soltrol 

130 as oil phase. Both consolidated undrained (CU) and consolidated drained (CD) tests 
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were performed on specimens at low confining pressures ranging between 0.6 psi and 29 

psi.  

Figure 2.3 shows the two dimensional Mohr coulomb failure envelopes generated 

by Goff (2011) for kaolinite with various oil and water contents. Water saturated 

specimen had the lowest strength for the pressure range of the study. The soil structure 

was different when the specimen was oil saturated or had oil and water together. The 

90% oil and 70% oil specimens had higher strengths than 100% oil specimen. When the 

NAPL saturation was above 50% and water saturation was below 50%, the soil had an 

oil-dominated response. When the NAPL saturation was below 50% and water saturation 

was above 50%, the specimens exhibited a water-dominated response.  The failures in 

oil-dominated response occurred at low confining pressures due to less NAPL expelled. 

The failures in water-dominated specimens occurred at higher confining pressures with 

more NAPL expelled during consolidation. 
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Figure 2.3: Two dimensional Mohr-Coulomb failure envelopes (Adapted from Goff 

(2011)). 

 

2.3.2 Hydraulic conductivity 

Mesri and Olson (1971) back calculated coefficients of permeability of kaolinite, 

illite and smectite with different pore fluids from the consolidation test data using 

Terzaghi’s theory of one-dimensional consolidation. They observed that the back 

calculated permeability values were 5% to 20% lower than the measured permeability 

values (Figure 2.4). Mesri and Olson (1971) also concluded that Tezaghi’s consolidation 

theory underestimated the permeability values since the theory assumed that the 

compression time was based solely on the water being squeezed out. However, the 

100% Water 

100% Oil 

90% Oil and 

70% Oil 

50% Oil 
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structure of the clay exhibited a resistance to compression which caused a delay in 

compression. The results showed that the permeability values were largest when the soil 

was with non-polar pore fluids and lowest for water which is a non-polar fluid. 

 

 

Figure 2.4: Coefficients of permeability of kaolinite (Mesri and Olson 1971). 

 

Acar and Olivieri (1989) performed Atterberg limit and hydraulic conductivity 

tests on kaolinite specimens. The hydraulic conductivity test specimens were prepared by 

compacting the kaolinite with water at the optimum water content. All specimens were 

mixed initially with water. Therefore, they all had the same particle arrangement at the 

beginning of the tests. Then, water was replaced with another fluid by permeation. The 

hydraulic conductivity of kaolinite dropped to almost zero when nitrobenzene and 

benzene were the permeation fluids. Both fluids had negligible solubility in water and the 
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dielectric constant of nitrobenzene and benzene were reported as 35.74 and 2.28, 

respectively. The Atterberg limit tests indicated that kaolinite was non-plastic when the 

dielectric constant of the pore fluid was less than 3. In addition, liquid limit values 

increased with some of the pore fluids with a dielectric constant lower than 3 when 

compared to kaolinite samples with water. 

Kaya and Fang (2000) investigated the effect of various pore fluids on the 

hydraulic conductivity of soils. With decreasing dielectric constant, the hydraulic 

conductivity of soils increased as much as five orders of magnitude. Intrinsic 

permeability of the soil medium varied as well. An increase in the liquid limit of kaolinite 

was observed when the dielectric constant dropped. When the dielectric constant of the 

soil was very low (2.3), PI of the soil could not be determined since the soil acted as a 

silty or sandy soil. 

Cristina et al. (2006) used water and Soltrol 170 type of NAPL in order to 

measure the hydraulic properties of sand-silt mixture (50%-50% by weight). The intrinsic 

permeability of the soil was approximately one order of magnitude lower when 

permeated with NAPL compared to water. The results indicated that the concept of 

constant intrinsic permeability of the same soil was not valid with different pore fluids. 

Foreman and Daniel (1986) performed flexible wall and fixed wall permeability 

tests on Hoytville Clay, Lufkin clay and hydrite R type of kaolinite mixed with water, 

methanol, and heptanes. When clays were permeated with organic fluids, the plasticity 

was either reduced or completely eliminated due to the flocculation of clay particles 

when exposed to low dielectric constant organic fluids. The attempts to permeate heptane 
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through kaolinite with water failed even under hydraulic gradients as large as 300. Due to 

the surface tension between water and the heptanes, the hydraulic conductivity of soil 

dropped to zero. 

Fernandez and Quigley (1985) used natural clayey soils to measure the hydraulic 

conductivity mixed with fluids with a range of dielectric constant values from 80 to 2. 

The soil was mixed to an initial void ratio of 1. A constant flow permeameter was used. 

As seen in Figure 2.5, the hydraulic conductivity values decreased gradually with 

decreasing dielectric constant. Scanning electron photomicrographs showed that when the 

dielectric constant of the pore fluid was lower, the clay particles were more flocculated. 

Xylene is an organic fluid with a dielectric constant of 2.47 and it is insoluble in water. 

Scanning electron photomicrographs also showed that when water was dropped to a clay-

xylene mixture, clay floccs migrated through water and formed a clay-water mixture. 
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Figure 2.5: Hydraulic conductivity vs. dielectric constant relationship (Fernandez 

and Quigley 1985). 

2.3.3 Consolidation 

Olson and Mesri (1970) performed consolidation tests on kaolinite, illite and 

smectite slurries with different pore fluids. The pore fluids were water, ethyl alcohol, 

carbon tetrachloride, and dry air. The objective of their study was to investigate whether 

the compressibility of different clays minerals were controlled by the mechanical or 

physicochemical models. Mechanical model referred to the compression characteristics 

based on the physical properties of clay particles. Physicochemical model denoted the 

change in compressibility due to the change in double-layer thickness around the soil 
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particles. The mechanical factors were dominant on the consolidation behavior of 

kaolinite when compared with the physicochemical properties. The mechanical factors of 

clay particles were strength, flexibility and surface friction. The results showed that the 

consolidation behavior of kaolinite with carbon tetrachloride and ethyl alcohol was 

different than the compressibility of kaolinite with water. Swelling curves of kaolinite 

with different pore fluids was also generated. The swelling curves with different pore 

fluids had very similar slopes which supported the idea that the swelling was a 

mechanical behavior occurring due to the rebound of bent clay particles. 

Singh et al (2008) performed consolidation tests on kaolinite-montmorillonite 

mixtures (85:15 by weight) contaminated with used engine oil, diesel, gasoline, and 

kerosene. The degrees of contamination were 3%, 6%, and 9% by weight of 

contamination. The consolidation tests were performed at the maximum dry density of 

the mixtures. The compression index (Cc) values increased when the kaolinite 

montmorillonite mixture had contaminants. On the other hand, coefficient of 

consolidation (Cv) values decreased when contaminants were present in the soil 

specimen. Since mechanical factors governed the compression characteristics of 

kaolinite, it was proposed that with higher viscosity pore fluid higher Cc values should be 

expected. 

Meegoda and Ratnaweera (1994) mixed kaolinite with water and propanol 

mixtures. The maximum proportion of propanol was 50% in the pore fluid. With 

increasing propanol proportion, an increase in the liquid limit and a decrease in the 

plasticity index were measured. They observed that with increasing contaminant 
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concentration, the compressibility of kaolinite increased as well. The dielectric constant 

of the pore fluids changed between 50 and 78 depending on the propanol proportion. 

Chen et al .(2000) performed consolidation tests on kaolinite with water and nine 

organic fluids. The dielectric constant of organic fluids changed in between 1.9 and 110. 

The compression index (Cc) value was decreased with increasing dielectric constant until 

the dielectric constant was 24.3. Then, an increasing trend was observed in the 

compression index (Cc) values. Heptane had the lowest dielectric constant (ε = 1.9) 

among the nine organic fluids. The compression index (Cc) value of kaolinite with 

heptane was 55% higher than the compression index (Cc) value for the kaolinite with 

water specimen. Hamaker’s constant was calculated for different kaolinite-fluid mixtures. 

The authors observed that the change in the compressibility was related to the change in 

the Van Der Waals force between the clay molecules and atoms. In calculations, the 

authors assumed that the Hamaker’s constant was linearly proportional to the van der 

Waals attractive force. Therefore, it was suggested that although physicochemical and 

mechanical factors have an influence, van der Waals attractive force was the main factor 

affecting the compressibility of kaolinite. 

Rao and Sridharan (1985) compared the volume of kaolinite placed into various 

fluids under no external load to investigate the factors influencing the volume change 

behavior of kaolinite. In addition, conventional consolidation tests were performed to 

observe the effect of pressure on kaolinite with various pore fluids. The consolidation 

tests showed that the void ratio of kaolinite at the same effective stress was higher when 

the pore fluid was non-polar. Similarly, Chen and Anandarajah (1998) placed Georgia 



 25 

kaolinite in sedimentation cylinders with various pore fluids. The volume of specimens 

decreased with increasing dielectric constant, reaching the minimum when the pore fluid 

was ethanol which had a dielectric constant of 24. The increase in the dielectric constant 

resulted in an increase in the volume of the suspension. The authors concluded that the 

change in volume was consistent with the van der Waals forces acting on the specimens. 

When the dielectric constant of the pore fluid was in the range of 1-3, the void ratios of 

specimens were 1.3 to 1.7 times higher than the specimen with water. 

Lee and Fox (2008; 2009) and Lee et al. (2009) performed consolidation tests to 

investigate the effect of consolidation on solute transport. By obtaining the advection and 

diffusion parameters from batch tests, diffusion and dispersion tests, and solute transport 

tests, the displacement of contaminants were successfully modeled. K+ and Br
–
 were 

used as tracers in all tests. Consolidation of specimens encouraged the contaminant 

displacement. 

Thornley (2006) tested oil contaminated sediments by mixing kaolinite and 

bentonite with oil at low oil/water volume ratios. The sediment slurries were tested in a 

modified Rowe Cell. The results showed that the addition of oil had a minor effect on the 

consolidation behavior when compared to the results of the tests on clean kaolinite and 

bentonite slurries. The results also showed that oil mobilization can occur due to the 

consolidation of specimens. 

Steward (2007) introduced a new method for specimen preparation of undisturbed 

NAPL contaminated sediments and conducted consolidation tests using a triaxial setup. 

Initial NAPL saturation of the test samples changed between 0%-38%. Effluent was 
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collected in bladder accumulators. NAPL mobilization was observed in two of the nine 

specimens tested. Moretti (2008) conducted similar tests on NAPL contaminated 

sediments. The results indicated that consolidation may mobilize the NAPL in sediments. 

Steward (2007) and Moretti (2008) worked on field samples which varied significantly in 

terms of the soil type and pore fluid constituents. This heterogeneity made it difficult to 

derive general conclusions on the consolidation behavior. 

2.4 Transport of NAPL in Porous Media 

NAPLs are defined as organic liquids that have negligible solubility in water. If 

they have a unit weight greater than water they are called dense NAPL (DNAPL) and if 

their unit weight is less than water then they are called light NAPL (LNAPL). 

The pore fluids may exist in the pore structure in two-phase (usually water and 

NAPL) or three-phase (water, NAPL and air). As given in the equation below, the fluid 

saturations should add up to unity 

 Swater + SNAPL + Sair = 1 (2.2) 

where Swater is water saturation (volume of water/volume of voids), SNAPL is NAPL 

saturation (volume of NAPL/volume of voids), and Sair is air saturation. 

The wetting fluid is described as the fluid which has a preference to contact with 

the soil solids, while the non-wetting fluid is the fluid which has the least preference to be 

in contact with the soil solids (Charbeneau 2006). As seen in Figure 2.6, contact angle (β) 

is used to determine the wetting characteristics of fluids. The relationship between the 

interfacial tension and the contact angle is related as (Adamson and Gast 1997), 
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  (2.3) 

where σij is the interfacial tension force between fluids i and j. 

If the contact angle between the solid and the liquid phases is less than 90 

degrees, then that fluid is the wetting fluid. The fluid phase, with a contact angle of 

greater than 90 degrees, is the non-wetting phase. The wetting phase for most soils is 

water (Charbeneau 2006). 

 

Figure 2.6: Contact angle (Charbeneau 2006).  

Since an interface exists between the wetting and the non-wetting phases, a 

pressure difference exists between phases. This pressure is called the capillary pressure 

(Pc) and described as the pressure difference between the non-wetting phase (Pnw) and the 

wetting phase (Pw) as, 

Pc = Pnw – Pw  (2.4) 

In a three phase system, the distribution of pore fluids is given in Figure 2.7. The 

smallest pores are filled with the wetting fluid where the medium pores are filled with the 
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non-wetting fluid. Air is considered to have medium wettability and occupies the largest 

pores. 

 

Figure 2.7: Pore fluid distribution in a three phase system (Adapted from 

Charbeneau (2006)). 

2.4.1 Capillary Trapping 

The NAPL that cannot be mobilized and trapped in the soil matrix is called the 

“residual NAPL”. The saturation of this NAPL is called “residual saturation”. The NAPL 

can be trapped in a porous media by two mechanisms: Snap-off and bypassing (Chatzis et 

al. 1983; Wilson et al. 1989). Figure 2.8 shows the snap off type of capillary trapping 

when water is flowing through the pore structure. When the aspect ratio of the pore body 

to the pore throat is large, the NAPL blob may be disconnected and trapped in the pore. 

The trapped NAPL is called “singlet”. High pore body to throat ratio will encourage 

snap-off type of NAPL trapping. Figure 2.8 (b) shows by-passing type of capillary 

trapping. If the stream flow is faster in one pathway than the other and the downstream 

junction disconnects the NAPL stream, the NAPL will be trapped while the water by 

Wetting 

Non- 

wetting Air 
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passes. The experiments show that NAPL is usually trapped as singlets; however 

doublets are also frequently observed (Chatzis et al. 1983; Powers et al. 1992; Wilson et 

al. 1989). As seen in Figure 2.9, if the NAPL is trapped in multiple pore bodies, then this 

NAPL is called a “ganglion”. 

 

 

 (a) (b) 

Figure 2.8: (a) Snap-off and (b) by-passing type of capillary trapping (Charbeneau 

2006). 
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Figure 2.9: NAPL trapped in multiple pore bodies trapping (Charbeneau 2006). 

Zytner et al. (1993) performed retention capacity experiments with 

perchloroethylene (PCE), trichloroethylene (TCE), and unleaded gasoline with dry sand, 

clay, organic top soil and peat moss. The results indicated that with increasing porosity of 

the soil and NAPL density, the retention capacity increased as well. When the bulk 

density of dry soil was higher, the retention capacity of the soils decreased. 

2.4.1.1 Trapping Number 

Pennell et al. (1996) investigated the forces acting on an entrapped NAPL in a 

water-wet media. The mobilization of this entrapped NAPL globule was expressed in 

terms of a total trapping number (NT) which related capillary and buoyancy forces to the 

capillary forces acting on the entrapped NAPL. The total trapping number (NT) consists 

of the capillary number (NCa) and the bond number (NB). The capillary number is 
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described as the ratio of the viscous forces to the capillary forces and the bond number is 

described as the ratio of the buoyancy forces to the capillary forces. These numbers are 

defined as (Pennell et al. 1996), 

    
     

       
 (2.5) 

   
       

       
 (2.6) 

where qw1 is the darcy velocity in the direction of flow which is denoted with 1, μw is the 

dynamic viscosity of the aqueous phase, σow is the interfacial tension between the phases, 

∆ρ is the difference in density between the NAPL and the aqueous phase, and θ is the 

contact angle between the phases, k is the intrinsic permeability of the medium, and krw is 

the relative permeability of the porous media to the aqueous phase. 

2.5 Geotechnical Testing of Very Soft Soils 

Testing very soft soils, particularly surficial sediments, are especially challenging 

because of their very high fluid contents. It is usually difficult to extrude the specimen 

out of the sampling tube since specimens may be so weak that they cannot stand under 

their own weight, which makes trimming the specimen impossible. In literature, there are 

various methods developed for specimen preparation and geotechnical testing of very soft 

soils. 

For direct shear and consolidation testing of very soft sediments, Sheahan and 

DeGroot (1997) suggested trimming sensitive specimen inside the sampling tube using a 

wire saw as shown in Figure 2.10 (a). The open end of the tube was capped with paraffin-
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petroleum jelly wax. A hypodermic tube was inserted through one side of the tube. Wire 

saw was rotated several times around the specimen with minimal disturbance. During the 

specimen extrusion process, the outside of the specimen was covered with wax for 

support and preventing any moisture loss. Figure 2.10 (b) shows a specimen extruder 

developed by Sheahan and DeGroot (1997) for triaxial strength tests. The specimen was 

kept in the extruder by applying suction and fed directly into the triaxial membrane. 

 

 (a) (b) 

Figure 2.10: (a) Sample extrusion for (a) consolidation and direct simple shear 

strength and (b) triaxial tests (Sheahan and DeGroot 1997). 

 

In common practice, consolidation properties of soils are determined by 

conventional consolidation tests which are performed in the laboratory using an 
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oedometer. The procedure and data processing of a conventional consolidation test is 

well established in the literature. However, when dealing with very soft soils at high fluid 

contents, it may be challenging to extrude an undisturbed specimen from the sampling 

tube or preparing a reconstituted specimen in the laboratory and placing it into the 

oedometer ring. Seepage consolidation tests are an alternative for testing very soft 

sediments for consolidation behavior. In these tests usually the specimen is kept inside 

the sampling tube. Imai (1979), and later Imai et al. (1984), developed a seepage 

consolidation set up and performed consolidation tests successfully. Figure 2.11 shows 

the set-up for the simplified seepage consolidation test presented by Sridharan and 

Prakash  (1999). In this test method, a differential hydraulic head was applied between 

the top and the bottom of the specimen. Therefore specimen preparation is 

straightforward and quick for this test method. However, when surficial contaminated 

sediments with a thin cap are tested, applied head difference might be very high when 

compared to the load coming from a cap. In addition, the displaced NAPL may mix into 

the free water and cannot be collected for further analysis. Centrifuge tests are another 

alternative for consolidation testing and a type of self-weight consolidation tests. In 

centrifuge tests, consolidation parameters are obtained by measuring the water content 

along the profile of the specimen ((Moo-Young et al. 2003)), (Robinson et al. 2003)). 

One concern with this type of consolidation test is that the consolidation behavior may 

not be accurately simulated under very low effective stresses. 
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Figure 2.11: Seepage consolidation test set-up. 

Ma et al. (2010) introduced column tests for very soft contaminated sediments. 

For the tests, specimens were collected from the field using polyvinyl chloride (PVC) 

tubes. As seen in Figure 2.12, the sample is kept in the tube and connected to the acrylic 

column addition. Water added on the specimen column and sand was poured up to the 

determined height to represent the sand cap application in a river. Height measurements 

were taken on the specimen to determine the consolidation. After the test is over, the free 

water on the specimen was chemically analyzed for contaminants. This testing method is 

easy to set-up and inexpensive. In addition, the cap loading is applied using actual sand 

as in field. The sand can also be analyzed chemically for the adsorption of the 

contaminants. However, the volume of the effluent and the contaminants could not be 

determined since they mix into the free water. Another important limitation is that the 
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diameter to height ratio of the specimen is so low that side frictions will restrict the 

consolidation of the soil by creating extra resistance. For example for a column with 1.25 

m height and 150 mm diameter, the diameter to height ratio is 0.08. In a traditional 

consolidation test apparatus, this ratio is approximately 0.3 or 0.4. 

 

Figure 2.12: Column test set-up (Ma et al. 2010). 

Steward (2007) developed a specimen preparation method for actual 

contaminated sediments which could not stand under their own weight. A triaxial 

membrane was placed on the sampling tube and each end of the membrane was folded 

over itself. The tube was cut using an electric saw to the desired height. The specimen 

was placed on the triaxial cell and the bottom of the membrane was rolled on the bottom 

platen (Figure 2.13a). The sampling tube was removed using metal spatulas on two sides 

of the specimen (Figure 2.13b). The results showed that the developed testing system 

could be used to predict settlement, and amount of NAPL expelled. Moretti (2008) used 
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the same set-up for the assesment of organophilic clay placed on the sediment specimens 

under consolidation. 

 

 

 (a) (b) 

Figure 2.13: The specimen (a) on the bottom pedestal and (b) while the sampling 

tube was being removed (Steward 2007). 



 37 

 

Figure 2.14: Triaxial testing system (Steward 2007). 

2.6 Organophilic Clay Assessment 

Especially when the NAPL concentrations are high, the NAPL can migrate 

through a passive cap material by advective and diffuse transport mechanisms (Knox et 

al. 2008). To prevent NAPL expulsion into the river water, a chemically active material 

layer can be placed between the sediment and the cap. The active cap materials include 

organophilic clay, coke, apetite and activated carbon. 

The use of NAPL sorbing material such as organophilic clay may be an effective 

means of controlling NAPL migration. Organophilic clays are manufactured by 

exchanging the inorganic cations (sodium and calcium) in the clay structure with the 

quaternary amines (Moazed and Viraraghavan 2005). This process results in a 

hydrophobic soil structure that can adsorb, dissolve and separate phase organic 
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contaminants. Figure 2.15 shows the schematic organophilic clay after NAPL adsorption 

(Olsta 2010). 

 

 

Figure 2.15: Organophilic clay with NAPL (Olsta 2010). 

Organophilic clays are reported as an effective material to absorb the NAPL and 

contaminants. Alther (1995) reported that in a batch test, organophilic clay adsorbed oil 

up to 70% of its own weight.  

Moazed and Viraraghavan (2005) performed batch test with organophilic clay in 

5 different oil and/or water mixture media. The weight of adsorbed oil was between 30% 

and 70% of the initial weight of the organophilic clay. As seen in Figure 2.16, a rapid 

sorption of organics was observed in 15 to 30 minutes. Depending on the contamination 

and properties of the sediments, organophilic clay can be placed on river beds with or 

without a passive cap on top of it. 
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Figure 2.16: Oil concentration vs. time (Moazed and Viraraghavan 2005). 

Carmody et al. (2007) tested organophilic clays in order to assess the performance 

against hydrocarbon spills. Five types of organophilic sorbents were used. Diesel, 

hydraulic oil, and engine oil were used as hydrocarbons which are considered common 

hydrocarbons involved in oil spills. The sorption capacity of organophilic clays varied 

between 1.2 grams and 7.2 grams of hydrocarbons per 1 gram of dry organophilic clay. 

Paul et al. (2005) and Lo and Yang (2001) reported that when organophilic clay 

adsorbed organic materials, it would swell. This swelling would result in a decrease in the 

hydraulic conductivity of organophilic clay. This may be desired when organophilic clays 
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are used in geosynthetic liners where contaminants are needed to be sealed off from the 

surrounding environment. 

Paller and Know (2010) indicated that active capping materials, such as 

organophilic clays, may be harmful to the environment if their chemically altered 

structure is toxic to the biota. They tested appetite and organophilic clay PM199
TM

 

(CETCO) as well as the biopolymers guar gum and xanthan gum. The toxicity tests were 

performed in order to compare bacteria survival rates with different active cap materials. 

The overall results indicated that active cap materials involving 50% of appetite or 25% 

of organophilic clay were unlikely to destructively affect the benthic biota. 

Lo and Yang (2001) suggested using organophilic clays as a liner material as 

secondary containments for gasoline storage tanks. Compacted organophilic clay, pure 

sodium bentonite and natural decomposed volcanic rock (DCV) with different fluids 

were used for fixed wall hydraulic conductivity tests. For the bentonite and DCV, both 

the hydraulic conductivity and intrinsic permeability values increased two to five orders 

of magnitude when the pore fluid was gasoline instead of water. Organophilic clay 

exhibited approximately two orders of magnitude decrease in both the hydraulic 

conductivity and intrinsic permeability values when mixed with gasoline rather than 

water. 

Moretti (2008) measured the sorption capacity of organophilic clay with different 

water contents in a batch test. As seen in Figure 2.17, the sorption capacity decreased 

with increasing water content. 
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Figure 2.17: Water content vs. sorption capacity relationship for organophilic clay 

(Moretti 2008). 

 

2.7 Summary and Conclusions 

The properties of fine grained soils may change when the pore fluid is different 

than water. These changes are usually explained with the diffuse double layer theory, 

which formulates the thickness of water around a soil particle. The literature shows that 

strength, compressibility and hydraulic conductivity of soils may change when the pore 

fluid is different than water. Several testing methods for very soft sediments have been 

reviewed in this chapter. Testing very soft contaminated sediments may need additional 

care since they exist at very high fluid contents and include contaminants. When the 

contaminant level in the sediment is high, a chemically active material layer, i.e. 

organophilic clay, can be placed on top of the contaminated sediments.  
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CHAPTER 3: MATERIALS 

3.1 Introduction 

The materials used in this research are presented in this chapter. The properties of 

the soil solids phase, NAPL phase and water phase are discussed. 

3.2 Sediment Solids 

Hydrite R type of pure Georgia kaolinite and air-dried clean Anacostia River 

sediments were used in order to represent the sediment solids phase. Soil solids were 

mixed with NAPL and water at various proportions. 

3.2.1 Kaolinite 

The hydrite R type of Georgia kaolinite was provided by IMERYS inc. Table 3.1 

shows the properties of the kaolinite reported by the manufacturer (IMERYS). Figure 3.1 

shows a picture of the dry kaolinite used in tests. The specific surface area of kaolinite 

was reported by the provider as 10 m
2
/g. In a previous study, the liquid limit of kaolinite 

was measured to be between 54% and 58% and the plasticity index of kaolinite was 

measured to be between 20% and 26% when pore fluid was water (El-Sherbiny 2005). 

For this study, when kaolinite was mixed with Soltrol 130, the liquid limit and plasticity 

index were measured as 96 and 12, respectively. The limits of the Kaolinite with Soltrol 
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130 were determined following the standard test method for Atterberg Limits (ASTM 

2010b). 

Kaolinite is one of the most common soil minerals used in geotechnical testing 

because it has a higher hydraulic conductivity than other clay minerals. Its behavior and 

properties are also comparable to soft sediments (El-Sherbiny 2005). The geotechnical 

properties of kaolinite are well characterized in literature, which makes the interpretation 

of results easier. In addition, using a pure material eliminates the potential inconsistencies 

in the results due to a heterogeneous soil solids phase in specimens. 

Table 3.1: Hydrite R type of kaolinite (IMERYS). 

Whiteness (L Value) 94 

Brightness (G.E. % of MgO) 86 

Particle Size Median 0.77 μm 

Oil Absorption 41% 

pH, 20% of solids 4.7 

Free Moisture 1.0% max 

Surface Area, B.E.T. Nitrogen 10 m
2
/g 

Specific Gravity 2.58 

Refractive Index 1.56 

Residue (325 mesh screen) 0.03% max 
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Figure 3.1: Hydrite R type Georgia kaolinite. 

Figure 3.2 shows the kaolinite used in this study in different pore fluids. 2 grams 

of kaolinite was added into three 10 ml graduated cylinders filled with Soltrol 130, tap 

water and tap water with Sodium Chloride (NaCl). Each graduated cylinder was shook a 

couple times and placed on a flat surface for sedimentation. The formation of kaolinite 

particles with different pore fluids is explained by the diffuse double layer theory. Due to 

the smaller diffuse double layer thickness and flocculation of particles, the height of 

kaolinite column was larger in Soltrol 130 and tap water with NaCl than Soltrol 130 in 

tap water.  
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Figure 3.2: Kaolinite in different fluids. 

3.2.2 Anacostia Sediment 

The clean, disturbed sediment samples recovered from the Anacostia River was 

air-dried and mixed at various NAPL contents. An extensive site investigation was 

conducted at the Anacostia River. 5 boreholes were drilled in the field for field testing 

and sample collection. The borings were drilled using a steel driven casing with rotary 

wash. Samples for the Atterberg limit and moisture content tests were collected from four 

different boreholes using split spoon samplers. 

The top 13 ft to 21.5 ft of the sediment layer was classified as High Plasticity 

Silty Clay according to the Unified Soil Classification System (USCS) (Das 2010). For 
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Tap Water+ 

NaCl Tap Water 
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this study, only the specimens from the top layer were used. The sediment in this layer 

has Liquid Limit (LL) values ranging from 52% to 91%, averaging 67%, and Plasticity 

Index (PI) values ranging from 25% to 53%, averaging 35%. Natural moisture content 

values of this material ranged from 54.5% to 94.4%, averaging 71.5%. The moisture 

content profile and liquid limit and plastic limit values at various depths are given in 

Figure 3.3. It can be seen that especially the top 5 feet of the sediment layer has a natural 

moisture content larger than the liquid limit; therefore the soil is in the liquid state. At 

deeper locations, although the soil is in the plastic state, its moisture content is very close 

to the liquid limit value. 

 

 

Figure 3.3: Moisture content profile of Anacostia River sediment. 
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3.3 Soltrol 130 

Soltrol 130 isoparaffin solvent was mixed with sediment specimens to represent 

the NAPL phase. Soltrol 130 is a low viscosity isoparaffin mineral oil manufactured by 

Chevron-Phillips Chemical Company LP and is similar to a middle distillate such as 

diesel or kerosene. Table 3.2 shows the basic properties of Soltrol 130 provided by the 

manufacturer. The viscosity of Soltrol 130 is 1.55 cSt at 38ºC which is very close to the 

viscosity of water. The effect of fluid viscosity on the engineering behavior of specimens 

was eliminated using a low viscosity oil. Since Soltrol 130 is transparent, it was dyed 

with the fat soluble, red colored dye Sudan IV to differentiate it from water. Figure 3.4 

shows Soltrol 130 with Sudan IV. 

Table 3.2: Properties of Soltrol 130 (Chevron Phillips Chemical Company LP). 

Property Value 

Boiling Point 181ºC-209ºC 

Specific Gravity 0.762 @ 15.6ºC 

Viscosity 1.55 cSt @ 38ºC 

Vapor Pressure 1.5 mmHg @ 38ºC 
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Figure 3.4: Soltrol 130 dyed to red with Sudan IV. 

Liu et al (1998) measured the interfacial tension between Soltrol 130, air and 

water. The authors used the plate method (Adamson and Gast 1990) to measure the air-

Soltrol 130 interfacial pressures and air-water and the ring method (Adamson and Gast 

1990) to measure the Soltrol 130-water interfacial pressures, both at at 20º C. Table 3.3 

shows the interfacial tension values between fluids reported by Liu et al (1998). 

Table 3.3: Interfacial tension between fluids at 20º C (Liu et al. 1998). 

Interfacial Tension (N/m) Air Water 

Soltrol 130 0.0239 0.0259 

Air --- 0.0681 
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3.3.1 Evaporation of Soltrol 130 

Approximately 5 grams of Soltrol 130 specimen was placed in the oven set to 

105º C to determine the loss in mass in a traditional moisture content test (ASTM 2010a). 

Figure 3.5 shows the pictures of Soltrol 130 specimen after 0, 3 and 24 hours during the 

test. As seen in Figure 3.6, almost 80% of Soltrol 130 vaporized in three hours. After 24 

hours, the NAPL was completely evaporated. 

 

 

 (a) (b) (c) 

Figure 3.5: Soltrol 130 in 105º C oven after (a) 0, (b) 3, and (c) 24 hours. 
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Figure 3.6: Loss of mass of Soltrol 130 during moisture content test 

3.3.2 Moisture Content Control Tests 

Moisture content tests were performed in accordance with the ASTM standard 

D2216-10 on six control soil samples. The soil samples were mixed with predetermined 

amount of NAPL or water. Dry samples were also tested in order to determine the air dry 

moisture contents. The samples were dried in an oven at a temperature of 105º C for 24 

hours. As seen in Table 3.4, the moisture content of the air-dry kaolinite and organophilic 

clay samples were 0.8% and 2.2%, respectively. The moisture contents of the other 

samples were updated using these measured air dry moisture contents. 1.1% to 3.9% of 

the fluids were retained in the soil matrix. The test did not show any particular behavior 

for the different soil solids or the fluid type on the fluid retention. The control tests on 
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Soltrol 130 and soil specimens indicated that the moisture content test results could be 

used for total fluid content determination of soil specimens used in this study. 

Table 3.4: Moisture content tests on control samples. 

Soil Solids 
Mixture 

Type 

Gravimetric Fluid Content (%) Fluid 

Retained (%) Initial Final 

Organophilic Clay 

Air Dry --- 2.2 --- 

Soltrol 130 47.2 46.7 1.1 

Water 72.1 69.7 3.3 

Kaolinite 

Air Dry   0.8 --- 

Soltrol 130 45.8 44 3.9 

Water 64.3 62.3 3.1 

3.3.3 Hexane Extraction Control Tests 

Hexane extraction control tests were performed on 12 control soil specimens. 

Organophilic clay and kaolinite were mixed with predetermined amount of Soltrol 130 

and water. Dry soil samples were tested in order to determine the initial organics content 

that is extractible with hexane extraction procedure. The results indicated that the 

variation in the gravimetric NAPL content after hexane extraction was ±16%. The air dry 

organophilic clay and kaolinite had 0.8% and 1.5% of organics extractible with hexane 

extraction procedure 
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Table 3.5: Gravimetric NAPL contents of control samples from hexane extraction 

tests. 

Soil Solids Mixture Type 
NAPL Content (%) 

Loss of NAPL 

(%) 
Initial 

Hexane 

Extraction 

Organophilic 

Clay 

Air Dry --- 0.8 --- 

Soltrol 130 46.6 40.2 13.7 

Soltrol 130 and 

Water 23.7 27.4 -15.6 

Kaolinite 

Air Dry --- 1.5 --- 

Soltrol 130 47.3 51.3 -8.5 

Soltrol 130 and 

Water 24.4 20.9 14.3 

 

3.4 Organophilic Clay 

The organophilic clay used in all tests was PM199
TM

, which is manufactured by 

CETCO (Hoffman Estates, IL). Figure 3.7 shows a picture of air-dry organophilic clay. 

The manufacturer reported that 1 pound of organics can be adsorbed per pound of 

organophilic clay (CETCO). The properties of the organophilic clay provided by the 

manufacturer are given in Table 3.6. The specific gravity value of organophilic clay was 

reported as 2.5. Table 3.7 presents the particle size distribution of PM199 reported by the 

manufacturer after dry sieving (CETCO). The media mostly consists of coarse-grained 

particles. 
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Figure 3.7: Organophilic clay (PM199). 

Table 3.6: Properties of PM199 (CETCO). 

Property Value 

Appearance Grey Granules 

Specific Gravity 2.5 

BTU Value of Spent Media 6,000-6,500 BTU/lb 

Solubility in Water Negligible 

Melting Point 1400°F 
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Table 3.7: Particle size distribution of PM199 (CETCO). 

Sieve (US standard)  mm  % Retained 

18 mesh 1 1% Max 

40 mesh 0.425 70% Min 

50 mesh 0.3 25% Max 

100 mesh 0.15 3% Max 

pan  1% Max 

3.4.1 Hydraulic Conductivity of Organophilic Clay 

In this section, the hydraulic conductivities reported by the manufacturer and 

measured using a fixed wall permeameter are summarized. 

3.4.1.1 Hydraulic Conductivity Values Reported by the Manufacturer 

Table 3.8 shows the hydraulic conductivity values provided by the manufacturer. 

The hydraulic conductivity tests were conducted using distilled water following ASTM 

D5084 (ASTM 2010c). The manufacturer measured the hydraulic conductivities as   

1x10
-2

 cm/s and 5.1x10
-3

 cm/s when the confining pressures were 5 psi and 25 psi, 

respectively (CETCO). 

Table 3.8: Hydraulic Conductivity of PM199 (CETCO). 

Confining Stress (psi) Hydraulic conductivity (cm/s) 

5 1.0 x 10
-2

 

25 5.1 x 10
-3
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3.4.1.2 Measured Hydraulic Conductivity Values 

Hydraulic conductivity tests were performed on water saturated and NAPL 

saturated organophilic clay. Table 3.9 shows the hydraulic conductivity values of 

specimens prepared with the two different methods. All hydraulic conductivity tests were 

falling head type with a fixed wall permeameter. In the first two tests, dry organophilic 

clay was first placed into the permeameter. Then either water or NAPL was flushed 

through the specimen for several minutes. The initial void ratio of the specimen in these 

tests was 1.78. The hydraulic conductivity of the water saturated specimen was 1.8x10
-2

 

in/min while it was lower for the NAPL saturated specimen at 3.1x10
-3

 in/min. 

Table 3.9: Hydraulic conductivity of organophilic clay. 

Test 
Saturated 

With 

Saturation 

Method 

Initial 

Void Ratio 

Hydraulic Conductivity 

(in/min) 

1 Water Flushing 1.78 1.8x10
-2

 

2 NAPL Flushing 1.78 3.1x10
-3

 

3 NAPL Submerged in Fluid 2.79 4.5x10
-3

 

 

For the last test, organophilic clay was submerged in a bowl filled with NAPL. 

Organophilic clay was kept in the bowl overnight in order to achieve full saturation. Then 

the free fluid on organophilic clay was removed and the organophilic clay was placed 

into the permeameter with a small spatula in several lifts. The moisture content of the 

NAPL saturated organophilic clay was measured as 85%. For a specific gravity of 2.5, 

the initial void ratio of the organophilic clay was calculated 2.79. The hydraulic 
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conductivity of NAPL saturated organophilic clay was measured as 4.5x10
-3

 in/min. The 

measured hydraulic conductivity of organophilic clay was higher than the hydraulic 

conductivity of kaolinite. Therefore it was considered that organophilic clay would not 

restrict the flow of fluids during consolidation when used with kaolinite specimens. 

3.5 Water Phase 

Tap water was used as the fluid for the water phase in samples. Tap water was 

considered more similar to the pore water in sediments in the field water than distilled or 

deionized water. In order to determine the equivalent NaCl content of the tap water, 

predetermined amounts of NaCl were mixed with deionized water. The electric 

conductivity of the control water samples and tap water was measured and reported in 

Table 3.10. Figure 3.8 shows that there is a linear relationship between increasing NaCl 

content and increasing conductivity. Using this relation, the equivalent NaCl content of 

the tap water was determined to be 2.63x10
-3

 M. 

Table 3.10: Conductivity of water with various NaCl content. 

NaCl (M) Conductivity (μs/cm) 

0 1.6 

0.01 545 

0.1 4590 

1 26520 

Tap Water 162.9 
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Figure 3.8: Conductivity of water with various NaCl content. 

 

3.6 Loss-on-Ignition (LOI) Tests on Kaolinite and Organophilic Clay 

Loss-on-ignition (LOI) tests were performed on three kaolinite and one 

organophilic clay specimens in order to determine the amount of organic matter (ASTM 

2000). Approximately 20 grams of air dry specimens were placed in a furnace which was 

set to 440º C. The specimens were kept in the furnace overnight. After the specimens 

were taken out of the furnace, they were kept in a desiccator to cool down. Organic 

matter content is calculated as the difference between the initial and the final weights of a 

specimen divided by its initial weight. 

Table 3.11 shows the organic matter content of kaolinite and organophilic clay. 

Three kaolinite specimens indicated that the loss of kaolinite mass on ignition ranged 

between 9.6% and 11.4%. The loss of organophilic clay mass on ignition was 29.6%. 
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Melo et al (2010) reported the organic matter content of kaolinite between 14.5% and 

16.1% using loss-on-ignition tests. Melo et al (2010) also reported that the carbon content 

of kaolinite using inductively coupled plasma optical emission spectrometry was 

measured between 0.42% and 2.11%. Therefore loss-on-ignition test results may be an 

overestimate of the actual carbon content of the kaolinite. 

Table 3.11: Organic matter content of organophilic clay and kaolinite. 

 Kaolinite Organophilic 

Clay  I II III 

Loss on Ignition (%) 9.6 11.1 11.4 29.6 

 

3.7 Environmental Scanning Electron Microscope (ESEM) 

Photographs 

The kaolinite samples were mixed with various NAPL and water contents in order 

to take their pictures with a Philips/FEI XL30 type of Environmental Scanning Electron 

Microscope (ESEM). A picture of the ESEM used in this research is shown in Figure 3.9. 
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Figure 3.9: Environmental scanning electron microscope (ESEM) 

(http://www.geo.utexas.edu/microbeam/esem.html). 

 

Figure 3.10 shows the ESEM picture of a water saturated specimen where the 

kaolinite particles formed a relatively dispersed structure. Figure 3.11 and Figure 3.12 

show the specimens with the NAPL saturations of 10% and 70% and porosities of 0.5. 

Both specimens showed a more flocculated distribution when compared to the water 

saturated specimen. The specimen with 70% NAPL saturation has a slightly more 

flocculated distribution compared to the specimen with 10% of NAPL saturation.  

 

http://www.geo.utexas.edu/microbeam/esem.html
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Figure 3.10: ESEM picture of the water saturated specimen with porosity 0.67. 

 

Figure 3.11: ESEM picture of the specimen with NAPL saturation = 10% and 

porosity = 0.5. 
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Figure 3.12: ESEM picture of the specimen with NAPL saturation = 70% and 

porosity = 0.5. 

 

3.8 Summary and Conclusions 

This chapter included the information about the properties of materials used. 

Some of these properties were reported by the manufacturer and some of them were 

measured during this study. Environmental Scanning Electron Microscope (ESEM) 

photographs were provided in order to observe the particle formation of kaolinite when 

mixed with NAPL. 
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CHAPTER 4: TEST METHODOLOGY 

4.1 Introduction 

This chapter includes the details of the testing system and the specimen 

preparation method. The modifications made to the testing system to adapt it for 

consolidation testing of soft contaminated soils are discussed. A specimen preparation 

method for NAPL contaminated sediments is also explained. 

4.2 Test Apparatus for Triaxial Tests 

For one dimensional conventional consolidation tests, a rigid ring is used. If an 

undisturbed specimen is tested, it is extruded from the sampling tube and trimmed into 

the consolidation ring. However, due to the very soft nature of the river-bed sediment in 

most cases, the sediment specimen cannot stand under its own weight when it is extracted 

out of the tube. Due to the high fluid content, it is not efficient to compact a specimen to 

prepare reconstituted samples. In addition, when testing contaminated specimens, 

collecting contaminants is useful for further analysis. Due to the concerns mentioned 

here, it was concluded that a conventional consolidation device would not meet the 

expectations of this study. 

For the purpose of this study, the best testing system was considered to be a 

triaxial set-up. One advantage of a triaxial system is that horizontal and vertical stresses 

can be applied separately; therefore, the stresses for any lateral earth pressure coefficient 
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(K0) condition can be simulated. In addition, separate application of pore pressure helps 

better mimic the field condition. Since the specimens are tested in soft membranes the 

side friction is eliminated. 

4.2.1 Triaxial Set-up 

Figure 4.1 shows the final apparatus used for consolidation testing after all 

modifications and additions were made. A dial gage was attached to the loading piston 

and the tip was secured to a side of the triaxial frame in order to measure the vertical 

displacements.  

Triaxial apparatus is used in geotechnical testing practice especially for shear 

strength measurements. Therefore, certain modifications are required to adapt a triaxial 

set-up for consolidation tests. In a shear strength test, a constant rate of strain is applied 

through the piston on the top of the specimen and the vertical load/resistance is measured. 

However, consolidation tests require a constant load application at each loading stage. 

Therefore a pneumatic cylinder was attached at the top of the triaxial frame to provide a 

constant load. A pneumatic cylinder is a device that uses compressed air to produce a 

load. The cylinder was manufactured by Clippard Instruments. The maximum operating 

pressure of the cylinder was 250 psi. The maximum available air pressure provided by 

the main pressure line was 100 psi. This maximum load that 100 psi of pressure can 

apply on specimens was 314 lb. 
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 (a) (b) 

 

(c) 

Figure 4.1: Final triaxial test apparatus after modifications. 
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A load cell was inserted between the loading piston and the pneumatic cylinder to 

measure the applied load on the specimen. The precision of the load cell was ±0.005 kg 

with the maximum capacity of 11.3 kg.  

In a triaxial cell, the cell and pore pressures are applied as air pressure on the 

water column of each burette on the pressure panel. Each burette is also fully or partially 

filled with water in order to monitor the volume changes in the specimen and the cell. 

Therefore, the pressure applied on the specimen is the sum of the applied air pressure and 

the pressure due to the water head in burettes. The water level in the burettes would 

change during the test due to fluid displacements, causing the pressures on the specimen 

to vary even when a constant pressure was applied by the pressure regulator mounted on 

the pressure panel. Depending on the water level in the burette, the water column can add 

a pressure of 0.4 psi. This pressure error may be considered negligible when confining 

pressures are high as in typical shear strength and consolidation tests. However, when 

testing surficial sediments, the required effective and total stresses are very low and the 

loads on the specimen should be very accurate. Thus, for accurate effective pressure 

measurements, a DP10 type of differential pressure transducer was attached at the bottom 

of the specimen and the cell. The pressure transducer was designed by Validyne 

Engineering specifically to work accurately under low effective stresses. In the pressure 

transducers, a flat diaphragm of magnetic stainless steel was placed between the two 

halves. Pickoff coils implemented in the two halves of a transducer detected the 

deflection of the diaphragm. This deflection is converted to a differential pressure using a 
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read-out box. The precision of the read-out box connected to the transducers was 0.01 

psi. The maximum pressure limit of the transducers was 12.5 psi. 

Latex membranes are preferred in triaxial shear strength tests and they work 

effectively when the pore fluid is only water. During the initial testing, it was observed 

that latex membranes disintegrated when exposed to the NAPL. Figure 4.2 shows the 

specimens before and after consolidation test when latex membranes were used. The 

latex membrane was permanently deformed and became loose when exposed to Soltrol 

130. Neoprene membranes were used for the tests because they are chemically resistant 

to the type of NAPL used in this study. Teflon tubing was used for all pressure lines since 

it is non-absorptive. 
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 (a) (b) (c) 

Figure 4.2: Latex membrane failure when in contact with Soltrol 130 (a) before and 

(b) after consolidation, and (c) specimen with neoprene membrane before 

consolidation. 

 

Bladder accumulators were used in order to collect effluent during the 

consolidation tests. A bladder accumulator consists of two cells. These cells were 

separated with a neoprene membrane. Initially, both cells were filled with water. The top 

cell was connected to the specimen and the bottom cell was connected to the pressure 

panel. When the NAPL was displaced from the specimen, it was collected in the top cell 
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and pushed clean water in the bottom cell into the pressure panel. Bladder accumulators 

kept the NAPL separated from the pressure panel and collected the NAPL for further 

analysis. Figure 4.3 shows the picture and the schematic of a bladder accumulator used in 

this study. For cases when the volume of the draining fluids from the top and bottom was 

investigated separately, two bladder accumulators were used for the both ends of the 

specimen. 

 

  

 (a) (b) 

Figure 4.3: (a) Picture and (b) schematic of the bladder accumulator. 

4.2.2 Breakthrough Pressure Measurement 

Before testing NAPL contaminated specimens, a control test was designed to 

quantify the amount of pressure required for NAPL to break through the water saturated 
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filter paper, porous stone and pressure line system. To measure this breakthrough 

pressure, a porous stone and a filter paper were saturated in water and placed on the 

bottom pedestal of the triaxial cell. The pressure lines were saturated with water as well. 

One pressure line was turned off and the other line was placed vertically next to the 

triaxial cell open to atmosphere (Figure 4.4). As seen in Figure 4.4 (a) and (c), at the 

initial condition, the water in the pressure line was at the same level with the top of the 

filter paper on the bottom pedestal. Then the cell wall was placed on the base pedestal 

and NAPL was poured into the triaxial cell. The height of the water level in the pressure 

line was observed. Whenever the water started to rise, it indicated that NAPL flowed into 

the filter paper, pressure line, and the porous stone system. 

Figure 4.4 (b) and (d) show that when the mineral oil was 1.1 in above the filter 

paper level, the water height in the pressure line increased. The pressure due to 1.1 in 

NAPL is 0.03 psi. Therefore it was concluded that the breakthrough pressure of NAPL 

through the testing system was less than 0.03 psi. This pressure is negligibly low when 

the other pressures used in the tests of this study are considered. 

 

 

 (a) (b) 
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 (c) (d) 

Figure 4.4: Breakthrough test when the mineral oil level is ((a) and (c)) at the top of 

the filter paper (zero breakthrough pressure) and ((b) and (d)) slightly higher than 

the top of the filter paper (breakthrough pressure ≤0.03 psi). 

 

4.3 Specimen Preparation for Consolidation Tests 

4.3.1 Stress Calculation 

El-Sherbiny (2005) consolidated water saturated hydrite R type of Georgia 

kaolinite in a test bed and measured the water content of kaolinite along the bed after the 

primary consolidation was finished. Figure 4.5 shows the moisture content profile versus 

depth of kaolinite. A trendline was fitted along the data points. Using the moisture 

content profile, void ratio and vertical effective stress profiles were derived and are 

shown in Figure 4.6.  

Water levels in the lines 
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Figure 4.5: Moisture content profile for kaolinite in the test bed (Adapted from El-

Sherbiny(2005)). 

 

 (a) (b) 

Figure 4.6: (a) Void ratio and (b) vertical effective stress profile for kaolinite in the 

test bed. 
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The consolidation stresses were calculated for a hypothetical case where the 

sediment layer was overlaid with a water table of 10 ft (Figure 4.7). The horizontal 

stresses were calculated using a lateral earth pressure coefficient of 0.7. Pore pressure at 

the sediment specimen level was calculated with the water table located 10 ft above the 

sediment layer. All specimens were prepared by hand mixing in a bowl to the initial fluid 

content (Figure 4.8). 

 

 

Figure 4.7: Hypothetical Sample Location. 
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(a) (b) 

Figure 4.8: Soil specimen after kaolinite was mixed with (a) the NAPL and (b) the 

NAPL and water. 

4.3.2 Specimen Set-Up 

For the NAPL saturated specimens, porous stones were dried in the oven and then 

saturated with filter papers in a beaker filled with NAPL. They were kept in the beaker 

overnight to achieve saturation. All the pressure lines and the top half of the bladder 

accumulators were filled with NAPL. The top cell of the bladder accumulator was filled 

with NAPL and the bottom cell was filled with water 

For the other specimens, water saturated porous stones and filter papers were 

used. The porous stones were kept in an ultrasonic shaker for 20-25 minutes to ensure full 

saturation. Filter papers were saturated with water in a separate beaker. The pressure lines 

and both cells of the bladder accumulators were filled with water. 
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After saturating the pressure lines with fluids, vacuum grease was applied on 

sides of the top cap and the bottom pedestal for better contact with the membrane. Then 

the membrane was placed around the bottom pedestal. The membrane was secured to the 

bottom pedestal with three O-rings. A porous stone and filter paper were placed inside 

the membrane. A vacuum split mold was placed around the membrane and the membrane 

was rolled on the mold. Vacuum was applied between the mold and the membrane in 

order to extend the membrane to its nominal volume. The sediment mixture was placed 

into the membrane in 20-25 lifts. After each lift, the sediment mixture was compacted by 

tapping lightly with a rod. It was important to apply pressures with the rod that were 

small enough to avoid expelling the NAPL from the mixture during compaction. Figure 

4.9 shows how the NAPL contaminated sediment mixture is placed into the membrane. 

The specimen diameter and height were approximately 2 in and 4 in. 
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Figure 4.9: After placing the sediment mixture into the membrane. 

After placing the sediment mixture in the membrane, a filter paper, a porous stone 

and a top cap were placed on the specimen. The membrane was rolled over the top cap 

and sealed with three O-rings. Two water saturated pressure lines were inserted into the 

top cap and the vacuum split mold was removed. The height and the diameter of the 

specimen were measured with a caliper at three different locations on the specimen. If the 

specimens were water saturated, they could not stand under their own weight when the 

compaction mold was removed. For these tests, the triaxial cell was filled with water 

before placing the loading piston. The split mold was removed from the cell using 

spatulas and tongs. The height of the specimen was measured inside the water. The 

outside diameter of the water saturated specimen was assumed to be 2 in, which is the 

nominal diameter of the membrane. The triaxial cell was assembled and filled with 

deaired tap water. 
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4.3.3 Flushing Stage 

For the specimens of this study, the maximum water saturation that the specimens 

can be mixed at was 30%. For higher water saturations, water pushed the NAPL out of 

the soil pores and the NAPL floated out. Therefore all specimens were initially mixed to 

initial water saturation of 30% and NAPL saturation of 70%. When lower water 

saturation is required, after filling the triaxial cell with water, the NAPL content of the 

specimen was reduced by flushing water through the specimen. This stage was called 

“the flushing stage”. Figure 4.10 shows the NAPL expulsion when the specimen was 

intended to have a water content of 40%.  

 

 

Figure 4.10: NAPL floats out of the specimen when the water saturation was 40%. 

 



 77 

Figure 4.11 shows the pressure line connections and water levels in burettes 

before beginning the flushing stage. One pressure line was connected to the cell and the 

burette connected to it was filled with water. The second pressure line on the panel was 

connected to the bottom cell of the bladder accumulator. The top cell of the accumulator 

was connected to the bottom of the specimen. The water in the second burette was set to 

its minimum. The third line was connected to the top of the specimen and this burette was 

filled to its maximum. When all valves were opened, a hydraulic gradient was created 

between the top and the bottom of the specimen. This gradient forced water into the 

specimen from the top. As a result, NAPL or NAPL-water mixture was forced out 

through the bottom of the specimen. This fluid was collected in the top cell of the bladder 

accumulator. After some time, the differential height of water levels in the burettes 

connected to the specimen top and bottom was reduced. This slowed down or stopped the 

flushing of fluids. If further NAPL content reduction was required, all valves were turned 

off and then the water levels in all burettes were reset to the initial conditions. All valves 

were opened again to continue flushing. When the flushing stage was finished, the 

volumes of the influent and the effluent were measured on the burettes. The volume of 

NAPL collected in the bladder accumulator was measured. Using these measurements, 

fluid contents and void ratios of specimens were updated. 
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Figure 4.11: Flushing stage before consolidation. 

 

4.4 Consolidation Test Procedure 

4.4.1 Lateral Earth Pressure Coefficient (K0) Determination 

During the preliminary testing program, the lateral earth pressure coefficient (K0) 

was initially selected as 0.5. However, when K0 was 0.5 or 0.6, the sample failed during 

one of the consolidation stages (Figure 4.12). It should be noted that these failures 

occurred under consolidated-undrained (or mostly undrained) conditions as in the field. If 

the ratio of the undrained shear strength to the effective vertical stress (c/p’ ratio) of this 

soil is 0.25, the total stress friction angle (φ) would be 14 º, giving an undrained active 
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earth pressure coefficient (Kactive) of 0.61. If the shear-induced pore water pressures had 

dissipated before the specimen failed, then the effective stress friction angle (φ’) would 

have been much higher (greater than 30 or even 40 degrees at these low normal stresses). 

Failure was not observed when K0 was 0.7. Therefore it was assumed that the 

representative K0 of this soil was between 0.6 and 0.7. The preliminary testing program 

showed that K0 values of 0.5, 0.6 or 0.7 did not result in much variation of the 

consolidation behavior. In all tests, K0 of 0.7 was used. 

 

 

Figure 4.12: Shear distortion during the consolidation of water saturated specimen 

with K0 of 0.5. 
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4.4.2 Vertical stress application rate determination 

Both the horizontal and vertical pressures felt by the specimen are directly related 

to the pore pressure distribution in the specimen. When an additional load is applied to 

the specimen, this load is initially carried by the pore fluid. This additional load is 

gradually transferred to the soil skeleton as the excess pore water pressure dissipates. 

Therefore when a constant cell pressure is applied to the specimen, the vertical pressure 

required to provide a constant lateral earth pressure coefficient (K0) value will increase in 

proportional to the excess pore pressure dissipation. Therefore the vertical loads are 

applied incrementally in order to maintain a K0 of 0.7. The loading increments were 

determined from an isotropic consolidation curve. Figure 4.13 shows the volumetric 

strain values of the water saturated specimens under isotropic consolidation. The curve 

“K0 Condition” in Figure 4.13 indicates the volumetric strain changes when the vertical 

load is applied following the pore pressure dissipation in the isotropic test. The figure 

shows that the observed consolidation behavior matches perfectly with the pore pressure 

dissipation during the consolidation stage. 
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Figure 4.13: Comparison of the K0 consolidation curve with the isotropic 

consolidation curve. 

4.4.3 Loading Stages 

For the consolidation tests, one pressure line was connected to the cell in order to 

control the confining pressure. Two pressure lines were connected to the top and the 

bottom of the specimen for pore pressure application. For the first loading stage, the top, 

bottom and the cell pressures were set to zero. Then, the cell pressure was increased until 

the proper effective stress was achieved for the first loading stage. Next, pore pressure, 

piston load, and cell pressure were increased until the required pore pressure was 

reached. The piston load was applied incrementally as explained in the previous section. 

After the required stresses were applied for the first loading stage, the water levels in 

burettes connected to the cell and the specimen, and dial gage reading were recorded. 
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Each loading stage was performed for 24 hours or until the primary consolidation was 

over. For the next loading stage, first the drainage lines connected to the specimen were 

closed. Then the cell pressure and the piston load were increased for the next loading 

stage. Table 4.1 shows the vertical effective stress values for each loading stage. The first 

loading stage simulated the in situ condition before the cap installment. The subsequent 

loading stages mimicked the cap heights of 0.5 m, 0.9 m, 1.8 m, and 3.0 m. All 

consolidation stresses were calculated for the hypothetical case given in Figure 4.7. 

Table 4.1: Consolidation Stages. 

Loading Stage Field Condition Vertical Effective Stress (psi) 

I In Situ 0.9 

II 1.5 ft Cap 1.6 

III 3.0 ft Cap 2.3 

IV 6.0 ft Cap 3.7 

V 10.0 ft Cap 5.6 

 

4.5 Hexane Extraction Procedure 

The NAPL content of the soil samples was determined using the hexane 

extraction procedure Method 3540C (U.S. Environmental Protection Agency 1998). This 

procedure is used especially for extracting nonvolatile and semivolatile organic 

compounds from soils. In a previous study, the procedure designated in Method 3540C 

was slightly modified by Trejo (2009). The control study performed by Trejo (2009) 

indicated that the modified method reduced the testing time and amount of hexane used 

for testing without any change in results. 
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For the hexane extraction test, the sediment specimen was cut into slices after the 

consolidation test was finished. Since the Soxhlet extraction apparatus can perform the 

test on 6 samples at once, the sediment specimen was dissected into 6 or 12 slices. 

Approximately 8 grams to 15 grams of soil samples were taken from each slice for the 

hexane extraction test. Another sample was taken from the same slice for the moisture 

content test. The final fluid contents of specimens were determined using the data from 

the moisture content and the hexane extraction tests. The summary fluid content 

determination process is shown in Figure 4.14. 

 

 

Figure 4.14: Final fluid content measurement with two soil samples. 

 

For the hexane extraction test, each soil sample was placed in a jar. Activated 

anhydrous sodium sulfate (Na2SO4) was added to the jars in order to remove the water 

from the soil. The activated anhydrous sodium sulfate is an effective drying agent for 

removing water from organic fluids. Figure 4.15 shows pictures of the soil and sodium 
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sulfate mixture while drying. The anhydrous sodium sulfate is activated by keeping it in a 

furnace with a temperature of 400º C overnight. 

 

   

Figure 4.15: The soil sample being dried with activated anhydrous sodium sulfate. 

 

The drying of samples usually took several hours. After every couple hours, the 

soil and sodium sulfate was mixed in order to facilitate drying. The drying process 

continued until the soil sample was completely in powder form with no clumps. More 

sodium sulfate was added as needed. When drying was complete, the soil powders were 

placed in thimbles in order to prepare it for hexane extraction process. A piece of glass 

wool was placed at the top of each thimble. Figure 4.16 shows the soil specimens in 

thimbles just before placing in soxhlet extractors. 

 



 85 

 

Figure 4.16: Dried soil samples in thimbles with glass wool on top. 

 

The thimbles were placed in soxhlet extractors. The picture of the soxhlet 

extractors used in this study is shown in Figure 4.17. Figure 4.18 shows the components 

of a soxhlet extractor. For the hexane extraction procedure, 100 ml hexane was poured 

into the boiler flask at the bottom of the soxhlet extractor. Three to five boiling stones 

were added into the flask in order to provide efficient boiling. The soxhlet extractor was 

placed on a heater. When the flask was hot enough, hexane vapor rose up to the 

condenser at the top. Tap water cycled through the condenser throughout the experiment. 

Then condensed hexane dropped into the thimble. When the height of the hexane reached 

to the same level with the siphon top, siphoning of the hexane was initiated and the 
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hexane NAPL mixture returned to the boiler flask. This ended one cycle of the hexane 

extraction. This cycle was performed 10 to 12 times per hour for 12 to 16 hours. 

 

 

Figure 4.17: Soxhlet extractor set for hexane extraction procedure. 

After the hexane extraction test was finished, the heaters were turned off. The 

hexane-NAPL mixture in each boiler flask was poured into pre-weighed 250 ml flasks. 

The hexane in these flasks was removed using a rotary evaporator. Figure 4.19 shows a 

picture of the rotary evaporator used in this study. The flasks were attached to the rotary 

evaporator and a water bath with a water temperature of 70° C. The rotary evaporator was 

set to 75 rounds per minute. The observations showed that the hexane could be 

completely evaporated from the flask in 10 minutes. Each flask was covered with 
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parafilm and kept under a fume hood to cool down. These flasks were weighed again in 

order to determine the weight of NAPL in each soil sample. 

 

 

Figure 4.18: A soxhlet extractor (http://en.wikipedia.org/wiki/Soxhlet). 

http://en.wikipedia.org/wiki/Soxhlet
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Figure 4.19: Rotary Evaporator. 

4.6 Summary and Conclusions 

In this chapter a laboratory specimen preparation method was developed for 

NAPL contaminated specimens at various NAPL saturations. While preparing the 

sediments mixture, the maximum water saturation that soil solids can be mixed at when 

NAPL was present was 30% (and the NAPL saturation was 70%). The NAPL saturation 

of these specimens was reduced by flushing water through the specimen. Modifications 

were made to a conventional triaxial test frame for consolidation tests. The final fluids 

content of the specimens were obtained by performing hexane extraction and moisture 

content tests. The details of these test procedures were discussed. 



 89 

CHAPTER 5: TEST RESULTS 

5.1 Introduction 

This chapter includes the results of the tests performed on sediment specimens. 

Control tests were performed on water saturated specimens in order to compare the 

results with the results reported in the literature. NAPL contaminated specimens were 

tested with and without organophilic clay. Consolidation tests were performed on 

organophilic clay under the same stress conditions and the results were compared to 

evaluate the organophilic clay performance. 

5.2 Consolidation of Kaolinite 

5.2.1 Water Saturated Control Specimens 

Four consolidation tests were performed on water saturated kaolinite specimens. 

Figure 5.1 shows the void ratio and the vertical effective stress relationship. Lateral earth 

pressure coefficient (K0) and the total stresses on specimens were varied to observe their 

effects on the consolidation behavior. In Figure 5.1, the curve labeled K0=0.7 (I) shows 

the test where the water table was 5 ft above the sediment layer, and K0=0.7 (II) shows 

the test with a water table located 10 ft above the sediment layer. 



 90 

 

Figure 5.1: Consolidation tests with water saturated kaolinite specimens with 

different K0 and total stresses. 

5.2.2 Water and NAPL Saturated Specimens 

Consolidation tests were performed on water and NAPL saturated specimens for 

three stress conditions where the specimens were located at depths of 0.5 ft, 1.5 ft and 3 ft 

on the hypothetical geometry given in Figure 4.7. Table 5.1 shows the applied vertical 

effective stresses for these specimens at different depths The equilibrium void ratios of 

water saturated specimens were obtained from El-Sherbiny (2005). A lateral earth 

pressure coefficient (K0) of 0.7 was used for all tests. The NAPL saturated specimens 

were mixed at the same initial void ratio as the water saturated specimens. 
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Table 5.1: Vertical effective stresses applied for different specimen depths 

  
Vertical Effective Stress (psi) 

Initial 

Void Ratio 

Specimen 

Depth (ft) 
In Situ 1.5 ft cap 3.0 ft cap 

2.34 3.0 0.9 1.6 2.3 

2.71 1.5 0.5 1.2 1.9 

3.08 0.5 0.1 0.9 1.6 

 

Figure 5.2 and Figure 5.3 show the void ratio and the vertical effective stress 

relationship for the water and NAPL saturated specimens. After the in situ stresses were 

applied, it can be observed that the water saturated specimens consolidated while the 

NAPL saturated specimens were swollen. This shows that the equilibrium void ratio of 

NAPL saturated specimens is higher than the water saturated specimens under the same 

stress condition. In addition, consolidation curves did not follow a linear trend for NAPL 

saturated specimen. 
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Figure 5.2: Consolidation curves for water saturated kaolinite specimens. 

 

Figure 5.3: Consolidation curves for NAPL saturated specimens. 
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5.2.3 Initially Water-Wet and Oil-Wet Specimens 

While preparing the specimens, it was observed that the mixture looked and felt 

different for different order of mixing of NAPL and water with the kaolinite solids. Four 

consolidation tests were performed at the similar initial NAPL saturations in order to 

investigate the effect of mixing order on the consolidation behavior. Table 5.2 shows the 

fluid contents and the mixing order of each specimen. In Table 5.2, if the soil solids were 

mixed with water first, these tests are called “water-wet” and if the NAPL was mixed 

with the soil solids first, these tests were called “oil-wet”. Three oil-wet and three “water-

wet” specimens were tested. Initial NAPL saturations of these specimens varied between 

0% and 100%. 

Table 5.2: Consolidation tests on “water-wet” and “oil-wet” specimens. 

Test 

Number 

Initial NAPL 

Saturation 

Initial Water 

Saturation 
Mixing Type 

1 100% 0% Oil-Wet 

2 70% 30% Water-Wet 

3 70% 30% Oil-Wet 

4 42% 58% Oil-Wet 

5 39% 61% Water-Wet 

6 15% 85% Water-Wet 

 

Figure 5.4 shows the change in void ratio of the specimens with increasing 

vertical effective stress. All specimens were mixed to a void ratio of 2.05 which 

corresponded to the equilibrium void ratio of water saturated specimens under in situ 

stresses for a hypothetical geometry given in Figure 4.7. The continuous lines indicated 
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the “water-wet” specimens and the dashed lines indicated the “oil-wet” specimens. When 

the initial NAPL saturation varied, the specimens were either consolidated or swollen 

during the flushing (when needed) and the first loading stages. With the increasing initial 

NAPL saturation, more swelling of specimens was observed. This indicated that when the 

NAPL content was higher, the equilibrium void ratio under the in situ stress conditions 

was higher as well. The results indicates that when the initial NAPL contents were the 

same or similar, There was not a significant difference in the consolidation behavior. It 

shows that the order of mixing fluids did not have an effect on the consolidation behavior 

of the specimens 

 

Figure 5.4: Consolidation curves for initially water-wet and oil-wet specimens. 
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5.2.4 Initially Oil-Wet Specimens 

Five consolidation tests were performed on specimens with an initial porosity of 

0.70 which represented a specimen located at a depth of 3.0 ft on the hypothetical field 

conditions given in Figure 4.7. The initial void ratio of all specimens was 2.32. A lateral 

earth pressure of 0.7 was used for all specimens. While preparing all specimens, kaolinite 

was first mixed with NAPL and then water. The initial NAPL saturation of specimens 

varied between 31% and 70%.  

Figure 5.5 shows the change in void ratio of the specimens with increasing 

vertical effective stress. In all tests either water or NAPL expelled. The continuous lines 

indicated the loading stages when the NAPL expelled and the dashed lines indicated the 

loading stages where only water expelled. The very first point of each consolidation 

curve indicated the initial void ratio of the specimen after in situ stresses were applied. 

The initial void ratio (e0) values were generally higher when the initial NAPL saturation 

was higher. 
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Figure 5.5: Void ratio vs. vertical effective stress relationship for the specimens at 

an initial porosity of 0.7. 
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were similar when the initial NAPL saturation was lower than approximately 25%. For 

higher initial NAPL saturations, the curves were generally steeper up to 70% of initial 

NAPL saturation. 

5.3 Consolidation of Anacostia Sediment 

Five consolidation tests were performed on Anacostia sediment specimens. Figure 

5.7 shows void ratio and vertical effective stress relationship for these five tests. The 

clean Anacostia River sediment was air dried and then mixed with Soltrol 130 and water 

at various saturations. The stress conditions for the specimens were determined for a 

specimen located 3.5 ft below the mudline for the hypothetical field condition given in 

Figure 4.7. The moisture content profile for Anacostia Sediment was shown in Figure 

3.3. The in situ water content for this specimen was determined as 97% from Figure 3.3. 

Three specimens were mixed at an initial void ratio of 2.58 which represent saturated 

specimen with a water content of 97%. Initial NAPL saturations for these tests were 56% 

and 32%. The other two specimens were mixed to a void ratio of 2.05. Initial NAPL 

saturations of these specimens were 39% and 0%. 
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Figure 5.6: Void ratio vs. vertical effective stress relationship for water-wet 

specimens. 
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Figure 5.7: Void ratio vs. vertical effective stress relationship for the specimens with 

an initial porosity of 0.67. 
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0.7 was used for horizontal stresses. Consolidation stresses were determined for the 

hypothetical case where the specimen was located at a depth of 3.5 ft. All specimens 

were mixed at an initial NAPL saturation of 70%. The NAPL saturations were reduced 

by performing a “flushing stage”. The flushing stage was performed after the 

organophilic clay was placed on the sediment specimen. The minimum initial NAPL 

saturation that could be achieved by flushing was 28%. Figure 5.8 shows a picture of a 

specimen with organophilic clay layer after the consolidation test was finished. 

 

 

Figure 5.8: Sediment specimen with a layer of organophilic clay on top after the 

consolidation test. 

 

Six consolidation tests were performed with organophilic clay at various initial 

NAPL saturations of kaolinite. For all tests, 10400 g/m
2
 of organophilic clay per unit area 
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of kaolinite was used. The initial NAPL saturation of kaolinite specimens varied between 

28% and 70%. Table 5.3 shows the weight of NAPL expelled per weight of kaolinite 

solids for the six tests. Figure 5.9 shows the change in void ratio with increasing vertical 

effective stress. 

Table 5.3: NAPL expulsion at various initial NAPL saturations. 

Test 

Initial Saturation 

of NAPL in Kaolinite (%) 

Weight of Expelled NAPL 

per Weight of Kaolinite solids (g/g) 

1 28% 0.00000 

2 30% 0.02239 

3 31% 0.01823 

4 44% 0.05258 

5 51% 0.12492 

6 70% 0.08396 
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Figure 5.9: Void ratio vs. vertical effective stress relationship for the specimens with 

organophilic clay placed on top. 
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organophilic clay was used per unit area of specimens. Table 5.4 shows the initial 

properties of sediment specimens mixed with organophilic clay. Figure 5.10 shows a 

picture of a specimen with organophilic clay mixed-in after consolidation. Since the 

NAPL was dyed to red in order to distinguish the NAPL from water, in Figure 5.10, 

organophilic clay particles were turned to red due to the NAP adsorption. Figure 5.9 

shows the change in void ratio of the specimens with the increasing vertical effective 

stress. 

Table 5.4: Initial properties of kaolinite mixed with organophilic clay. 

Test 

Initial 

NAPL 

Saturation (%) 

Mass of 

Organophilic Clay 

Solids 

per Unit Area of 

Kaolinite (g/m
2
) 

Weight of Dry Kaolinite 

per Weight of 

dry Organophilic Clay 

Weight of 

Kaolinite 

Solids (g) 

1 51 5100 13.3 143.9 

2 53 5100 13.3 146.1 

3 60 5100 13.3 148.1 

4 59 10400 9.5 140.2 
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Figure 5.10: NAPL contaminated specimen-organophilic clay mixture after 

consolidation. 

 

Figure 5.11: Void ratio vs. vertical effective stress relationship for the specimens 

with organophilic clay mixed with kaolinite. 
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Table 5.5 shows the amount of NAPL expelled from the top and the bottom of the 

specimens with mixed-in organophilic clay. The results show that the volume of expelled 

NAPL from the top was higher than the volume expelled from the bottom for the first 

three tests. 62% to 85% of the expelled NAPL was from the top of the specimens. when 

the organophilic clay used in the specimen was 10400 g/m2 per unit area of the specimen, 

96% of the NAPL expulsion was observed from the bottom. 

Table 5.5: The mass of expelled NAPL from the top and the bottom of the kaolinite 

specimen when organophilic clay is mixed in. 

Test 
Initial 

NAPL 

Saturation (%) 

Mass of 

Organophilic Clay 

Solids 

per Unit Area of 

Kaolinite (g/m
2
) 

Weight of Expelled NAPL 

per Weight of Kaolinite solids (g/g) 

Top Bottom Total 

1 51 5100 0.07412 0.02382 0.09794 

2 53 5100 0.07822 0.04693 0.12516 

3 60 5100 0.11579 0.02058 0.13637 

4 59 10400 0.00544 0.11960 0.12504 

 

5.5 Consolidation of Organophilic Clay 

Triaxial consolidation tests were performed on water and NAPL saturated 

organophilic clay specimens. A lateral earth pressure coefficient of 0.7 was used for 

horizontal stresses. The organophilic clay was kept in a bowl overnight submerged in 

water or the NAPL for full saturation. In order to set up a specimen, the free fluid in the 

bowl was removed. Saturated organophilic clay was taken from the bowl with a small 

spatula and placed into the triaxial membrane in several lifts. Approximately ten grams of 
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soil sample was taken from the bowl for the moisture content test. Moisture content value 

was used to determine the initial void ratio of the specimen. Figure 5.12 shows the void 

ratio and vertical effective stress relationship of water and the NAPL saturated 

specimens. 

 

 

Figure 5.12: Consolidation tests with organophilic clay. 
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CHAPTER 6: ANALYSIS 

6.1 Introduction 

The analyses of the test results for the specimen with and without organophilic 

clay are summarized in this chapter. For all tests, the B-value of the specimens was 

measured after the in situ consolidation stresses were applied. For all tests, the measured 

B-values were in the range of 0.93 and 0.99. Therefore the air saturation of all specimens 

were assumed zero. The pore fluids in specimens were consisted of NAPL and/or water. 

The engineering properties and their relationship with the NAPL and water 

contents of specimens are presented. Fluid distribution profiles are generated for 

representative specimens using hexane extraction and moisture content tests. 

6.2 Consolidation of Kaolinite 

This section includes the analysis of tests results of kaolinite specimens with and 

without organophilic clay. 

6.2.1 Water Saturated Control Specimens 

The consolidation behavior of the water saturated kaolinite specimens was 

compared with the results reported by Olson and Mesri (1970) for conventional 

consolidation tests on kaolinite slurries. 
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6.2.1.1 Compression Behavior 

As seen in Figure 5.1, the consolidation curves obtained in this study closely 

match with the results reported by Olson and Mesri (1970). When the lateral earth 

pressure coefficient (K0) value varied between 0.5 and 0.7, the consolidation behavior did 

not change significantly. If the effective stresses applied were the same, the change in the 

total stress on specimens did not affect the consolidation behavior. 

 

Figure 6.1: Summary of consolidation test results for water saturated specimens. 
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the results reported by Mesri and Olson (1971). As seen in Table 6.1, the hydraulic 

conductivity values reported in this study are in agreement with the values reported in 

Mesri and Olson (1971). 

Table 6.1: Comparison of measured rates of consolidation for water saturated 

specimens. 

  Hydraulic Conductivity (in/min) 

Effective Stress (psi) Current Study Mesri and Olson (1971) 

1.5 2x10
-5

 5x10
-5

 

2.2 2x10
-5

 4x10
-5

 

6.2.2 Water and NAPL Saturated Specimens 

6.2.2.1 Compression Behavior 

Table 6.2 shows the compression index (Cc) values for the water and NAPL 

saturated specimens under different stress conditions. Compression index (Cc) values 

were calculated following the procedure outlined in ASTM D2435 (ASTM 2011b)It can 

be observed that the compression index values of NAPL saturated specimens are 39% to 

64% lower than the ones for the water saturated specimens. The NAPL saturated 

specimens exhibited a less compressible behavior than the water saturated specimens. 

The maximum compression index (Cc) values were measured for the specimen located at 

1.5 ft depth where the initial void ratio was largest; therefore the specimens were more 

compressible. 



 110 

Table 6.2: Compression index values for specimens at various depths. 

  
Compression Index (Cc) 

Initial 

Void Ratio 

Specimen 

Depth (ft) 

Water 

Saturated 

NAPL 

Saturated 

2.34 3.0 0.52 0.19 

2.71 1.5 0.68 0.34 

3.08 0.5 0.43 0.26 

6.2.2.2 Rate of Consolidation 

Table 6.3 and Table 6.4 show the coefficient of consolidation and hydraulic 

conductivity values for water and NAPL saturated specimens. Figure 6.2 compares the 

water saturated and NAPL saturated specimen for the coefficient of consolidation and 

hydraulic conductivity values. When the pore fluid is water, the coefficient of 

consolidation and hydraulic conductivity values increase almost one order of magnitude. 

For the same specimen, with increasing vertical effective stress, both parameters 

decreased. 

Table 6.3: Coefficient of consolidation and hydraulic conductivity values for water 

saturated specimens. 

  
 

Coefficient of Consolidation 

(in
2
/min) 

Hydraulic 

Conductivity (in/min) 

Initial 

Void Ratio 

Specimen 

Depth (ft) 1.5 ft cap 3.0 ft cap 1.5 ft cap 3.0 ft cap 

2.34 3.0 0.0050 0.0045 1.2x10
-5

 7.8x10
-6

 

2.71 1.5 0.0035 0.0030 1.2x10
-5

 7.1x10
-6

 

3.08 0.5 0.0040 0.0030 1.9x10
-5

 5.1x10
-6
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Table 6.4: Coefficient of consolidation and hydraulic conductivity values for NAPL 

saturated specimens. 

  
 

Coefficient of Consolidation 

(in
2
/min) 

Hydraulic 

Conductivity (in/min) 

Initial 

Void Ratio 

Specimen 

Depth (ft) 1.5 ft cap 3.0 ft cap 

Initial 

Void Ratio 

Specimen 

Depth (ft) 

2.34 3.0 0.0850 0.0700 5.8x10
-5

 5.4x10
-5

 

2.71 1.5 0.1300 0.0700 1.7x10
-4

 1.7x10
-4

 

3.08 0.5 0.4100 0.1000 5.4x10
-4

 2.4x10
-4

 

 

 

Figure 6.2: Coefficient of consolidation values with increasing vertical effective 

stress for water and NAPL saturated specimens. 

 

1.E-03 

1.E-02 

1.E-01 

1.E+00 

0 1 2 3 

C
o

ef
fi

ci
en

t 
o

f 
C

o
n

so
lid

at
io

n
 

(i
n

2
/m

in
) 

Vertical Effective Stress (psi) 

Initial Void Ratio = 2.34 

Initial Void Ratio = 2.71 

Initial Void Ratio = 3.08 

                  : Water Saturated 
                    : NAPL Saturated 



 112 

 

Figure 6.3: Hydraulic conductivity values with increasing vertical effective stress for 

water and NAPL saturated specimens. 
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values are similar at similar initial NAPL saturations. A decreasing trend in compression 

index values (Cc) was observed when the initial NAPL saturation was increasing. 

Table 6.5: Compression index (Cc) values for water-wet and oil-wet specimens. 

Test Number Initial NAPL Saturation Mixing Type Compression Index (Cc) 

1 100% Oil-Wet 0.41 

2 70% Water-Wet 0.44 

3 70% Oil-Wet 0.40 

4 42% Oil-Wet 0.56 

5 39% Water-Wet 0.47 

6 25% Water-Wet 0.37 

6.2.3.2 Rate of Consolidation 

Table 6.6 shows the coefficient of consolidation values (Cv) of the tests reported 

in Table 6.5 for four loading stages The coefficient of consolidation (Cv) values vary 

between 0.005 in
2
/min and 1.9 in

2
/min. An increase in the coefficient of consolidation 

(Cv) was observed when the initial NAPL saturation increased. 

Table 6.6: Coefficient of Consolidation (Cv) values of initially water-wet and oil-wet 

specimens. 

  
 Coefficient of Consolidation (in²/min) 

Test 

Number 

Initial 

NAPL 

Saturation 

Mixing 

Type 
1.5 ft Cap 3.0 ft Cap 6.0 ft Cap 10.0 ft Cap 

1 100% Oil-Wet 1.00 1.00 1.20 1.00 

2 70% Water-Wet 0.24 0.60 0.90 1.20 

3 70% Oil-Wet 0.50 0.90 1.90 0.70 

4 42% Oil-Wet 0.14 0.37 0.40 0.30 

5 39% Water-Wet 0.35 0.20 0.02 0.01 

6 25% Water-Wet 0.009 0.008 0.005 0.005 

 



 114 

Table 6.7 shows the hydraulic conductivity values for the tests with various initial 

NAPL saturations and fluid mixing types. Hydraulic conductivity values were back 

calculated using Terzaghi’s one dimensional consolidation theory in which the coefficient 

of consolidation (Cv) is related to the hydraulic conductivity as; 

     
  

         
    (6.1) 

where Δe is change in the void ratio in a loading stage, e0 is initial void ratio, Δσ’ is the 

change in the vertical effective stress in a loading stage, γw is unit weight of water. 

As seen in Table 6.7, the hydraulic conductivity values range between 1.9x10
-6

 

in/min and 1.7x10
-3

 in/min. The results indicate that generally when the initial NAPL 

content is higher, the hydraulic conductivity value is higher as well.  

Table 6.7: Hydraulic conductivity of initially water-wet and oil-wet specimens. 

  
 Hydraulic Conductivity (in/min) 

Test 

Number 

Initial 

NAPL 

Saturation 

Mixing 

Type 
1.5 ft Cap 3.0 ft Cap 6.0 ft Cap 10.0 ft Cap 

1 100% Oil-Wet 5.9x10
-4

 9.7x10
-4

 1.1x10
-3

 7.0x10
-4

 

2 70% Water-Wet 3.3x10
-4

 5.8x10
-4

 8.7x10
-4

 8.1x10
-4

 

3 70% Oil-Wet 4.2x10
-4

 9.1x10
-4

 1.7x10
-3

 4.3x10
-4

 

4 42% Oil-Wet 2.3x10
-4

 5.8x10
-4

 5.8x10
-4

 2.5x10
-4

 

5 39% Water-Wet 8.8x10
-4

 4.0x10
-4

 1.7x10
-5

 3.8x10
-6

 

6 25% Water-Wet 2.3x10
-5

 8.0x10
-6

 4.4x10
-6

 1.9x10
-6

 

 

Figure 6.4 and Figure 6.5 show the coefficient of consolidation (Cv) values for the 

water-wet and oil-wet specimens with initial NAPL saturations of 70%. As seen in 
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figures, the coefficient of consolidation (Cv) and hydraulic conductivity values for the 

initially water-wet and oil-wet specimens' are similar. 

  

 

Figure 6.4: Coefficient of consolidation (Cv) values for the specimens with initial 

NAPL saturations of 70%. 
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Figure 6.5: Hydraulic conductivity values for the specimens with initial NAPL 

saturations of 70%. 
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Table 6.8: Compression index values for initially oil-wet specimens. 

Test Initial NAPL Content (%) Compression Index 

1 70 0.49 

2 59 0.56 

3 56 0.51 

4 40 0.67 

5 31 0.31 

6.2.4.2 Change in Fluid Contents 

The water and NAPL saturations of the specimens at the end of each loading stage 

were calculated using the volume of expelled fluids at each loading stage. The total 

volume of the effluent in each loading stage was obtained from the burette readings on 

the pressure panel. The type of the effluent was determined by observation. Since the 

NAPL was dyed to red, it was easy to distinguish it from water. The total volume of the 

expelled NAPL was determined by measuring the volume of NAPL collected in bladder 

accumulators. If both NAPL and water expelled during a loading stage, the fluid 

saturations were adjusted using the final volume of the NAPL collected in bladder 

accumulators. 

Figure 6.6 (a) and (b) shows the change in the fluid saturations during 

consolidation tests. Since NAPL was the expelled fluid in most loading stages, the NAPL 

saturation gradually decreased while the water saturation was increasing. When the 

NAPL saturation was approximately 22%, the NAPL expulsion was almost completely 

stopped and the water started to drain out. After this saturation NAPL displacement was 

observed only at the beginning of each loading stage possibly due to high hydraulic 
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gradients. The NAPL or water saturation is described as the ratio of volume of NAPL or 

water to the total volume of the pore fluids and does not include the effect of the volume 

of soil solids. Therefore, a change in NAPL saturation is not a direct measure of the 

amount of retained oil in the sediment, since the total volume of the pore fluid can be 

changing due to water expulsion. 
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(b) 

Figure 6.6: Change in (a) NAPL and (b) water saturation for initially oil-wet 

specimens. 
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(a) 

 

(b) 

Figure 6.7: Change in volumetric (a) NAPL and (b) water content for initially oil-

wet specimens. 
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Figure 6.8: Weight of NAPL per weight of kaolinite solids for initially oil-wet 

specimens. 
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fluid was water, a decrease in the consolidation rate was observed. Although only NAPL 

expelled in the last loading stage of the test with 56% initial NAPL saturation, water may 

have already mobilized and governed the consolidation rate: therefore a lower coefficient 

of consolidation (Cv) value was reported. The variation in coefficient of consolidation 

values were approximately four orders of magnitude. 

 

Table 6.9: Coefficient of consolidation values for the oil wet specimens when NAPL 

expelled. 

  
Coefficient of Consolidation 

(in²/min) 

Test Number 
Initial NAPL 

Saturation (%) 
1.5 ft Cap 3.0 ft Cap 6.0 ft Cap 10.0 ft Cap 

1 70 0.50 0.90 1.90 0.70 

2 59 0.90 0.21 0.09 0.90 

3 56 0.30 0.50 0.50 0.01 

4 40 0.10 0.03 

 

  

 

Table 6.10: Coefficient of consolidation values for the oil wet specimens when water 

expelled. 

  

Coefficient of Consolidation 

(in²/min) 

Test Number 

Initial NAPL 

Saturation (%) 
1.5 ft Cap 3.0 ft Cap 6.0 ft Cap 10.0 ft Cap 

4 42 --- --- 0.003 --- 

5 31 0.01 0.01 --- --- 
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Figure 6.9: Change in coefficient of consolidation with increasing vertical effective 

stress for initially oil-wet specimens. 
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three orders of magnitude. 
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Table 6.11: Hydraulic conductivity values for the oil-wet specimens when NAPL 

expelled. 

  
Hydraulic Conductivity (in/min) 

Test Number 
Initial NAPL 

Saturation (%) 
1.5 ft Cap 3.0 ft Cap 6.0 ft Cap 10.0 ft Cap 

1 70 4.2x10
-4

 9.1x10
-4

 1.7x10
-3

 4.3x10
-4

 

2 59 1.1x10
-3

 3.3x10
-4

 9.2x10
-5

 8.1x10
-4

 

3 56 7.1x10
-4

 1.1x10
-3

 4.0x10
-4

 1.6x10
-5

 

4 42 4.9x10
-4

 3.8x10
-5

 

 

  

 

Table 6.12: Hydraulic conductivity values for the oil-wet specimens when water 

expelled. 

  
Hydraulic Conductivity (in/min) 

Test Number 

Initial NAPL 

Saturation 
1.5 ft Cap 3.0 ft Cap 6.0 ft Cap 10.0 ft Cap 

4 42 --- --- 1.7x10
-6

 --- 

5 31 1.4x10
-5

 1.2x10
-5

 --- --- 
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Figure 6.10: Change in hydraulic conductivity with increasing vertical effective 

stress for the initially oil-wet specimens. 
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(a) 

 

(b) 

Figure 6.11: Coefficient of consolidation values vs. volumetric (a) NAPL and (b) 

water contents for initially oil-wet specimens. 
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(a) 

 

(b) 

Figure 6.12: Hydraulic conductivity values vs. volumetric (a) NAPL and (b) water 

contents for initially oil-wet specimens. 
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6.2.5 Initially Water-Wet Specimens 

6.2.5.1 Compression Behavior 

The compression index values of the twelve specimens with an initial porosity of 

0.67 are reported in Table 6.13. The compression index (Cc) values varied between 0.31 

and 0.75. Figure 6.13 shows the relation between the initial NAPL saturation of the 

specimens with compression index (Cc). An increasing trend in the compression index 

values is observed with an increasing initial NAPL saturation up to 49%. From 49% to 

100%, the compression index values decreased. When the initial NAPL saturation is 

larger than 50%, compression index values decrease. The first data point of each 

consolidation curve corresponds to the void ratio after the in situ stresses were applied 

before any cap load application.  
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Table 6.13: Coefficient of consolidation values. 

Test Initial NAPL Content (%) Compression Index 

1 0 0.52 

2 15 0.37 

3 21 0.34 

4 23 0.31 

5 25 0.35 

6 27 0.34 

7 29 0.38 

8 33 0.52 

9 33 0.52 

10 39 0.47 

11 49 0.75 

12 70 0.44 

13 100 0.41 

 

 

Figure 6.13: Compression index values with varying initial NAPL saturations. 
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6.2.5.2 NAPL Expulsion 

Figure 6.14 shows the weight of expelled NAPL normalized to the weight of 

kaolinite solids after consolidation. The expelled NAPL amount at the end of each test 

was determined by measuring the amount collected in the bladder accumulators. At 

higher NAPL contents, more NAPL tends to be displaced as a result of consolidation. 

This trend can be observed up to around 50% of initial NAPL saturation. On the other 

hand, when clay particles are exposed to a non-polar fluid, Soltrol 130, diffuse double 

layers around the clay particles shrink and the clay particles form a more flocculated 

structure (Lambe and Whitman 1969). This structure results in a stiffer soil matrix, so the 

volume of expelled fluid is reduced. The effect of this phenomenon can be observed in 

Figure 6.14 when the initial NAPL saturation is higher than 50%. 

 



 131 

 

Figure 6.14: Weight of expelled NAPL per weight of sediment solids at various 

initial NAPL saturations. 
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Figure 6.15: Change in oil content during consolidation stage for shear strength test 

(Goff 2011). 

6.2.5.3 Change in Fluid Content 

Figure 6.16 shows the change in NAPL saturation with increasing vertical 

effective stress during the consolidation tests. For almost all loading stages, one type of 

fluid was expelled from the specimen during each loading stage. If water and NAPL 

expulsion were observed in one loading stage, the ratio of the volume of expelled NAPL 

to water was assumed as 0.5. At the end of the consolidation test, the volume of NAPL 

collected in the bladder accumulator was measured for verification. Corrections were 

made if needed. 

As seen in Figure 6.16, the NAPL expulsion continued until the NAPL saturation 

was between 21% and 17% with an average of 19%. After the NAPL expulsion ceased, 

only a negligible amount of NAPL displacement was observed at the beginning of the 
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subsequent loading stages possibly due to the high hydraulic gradients that the specimen 

experienced due to the additional load. 

 

 

Figure 6.16: Change in NAPL saturation during consolidation tests for initially 

water-wet specimens. 
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NAPL content was between 10% and 15% with an average of 12%. 
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Figure 6.17: Change in volumetric NAPL content during consolidation tests for 

initially water-wet specimens. 
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Figure 6.18: Change in weight of NAPL in the specimen per one gram of kaolinite 

solids for initially water-wet specimens.. 
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Table 6.14: Coefficient of consolidation values for initially water-wet specimens 

when water expelled. 

  
Coefficient of Consolidation (in²/min) 

Test 

Initial NAPL 

Saturation (%) 
1.5 ft Cap 3.0 ft Cap 6.0 ft Cap 10.0 ft Cap 

1 0 0.006 0.003 0.005 0.003 

2 15 0.009 0.008 0.005 0.005 

3 21 0.002 0.003 0.004 0.003 

4 23 0.002 0.006 0.006 0.009 

5 25 0.010 0.003 0.025 0.002 

6 27 NOT CALCULATED 

7 29 0.025 0.007 0.007 0.005 

9 33 0.040 0.025 0.010 0.003 

10 39 --- 0.200 0.020 0.010 

11 49 --- --- --- --- 

12 70 --- --- --- --- 

13 100 --- --- --- --- 

 

Table 6.15: Coefficient of consolidation values for initially water-wet specimens 

when NAPL expelled. 

  
Coefficient of Consolidation (in²/min) 

Test 

Initial NAPL 

Saturation (%) 
1.5 ft Cap 3.0 ft Cap 6.0 ft Cap 10.0 ft Cap 

9 33 0.350 --- --- --- 

10 39 0.600 2.100 0.180 0.100 

11 49 0.700 0.600 0.900 1.200 

12 70 1.000 1.000 1.200 1.000 

13 100 0.600 2.100 0.180 0.100 
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Figure 6.19: Change in coefficient of consolidation with increasing vertical effective 

stress for initially water-wet specimens. 
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Table 6.16: Hydraulic conductivity values for initially water-wet specimens when oil 

expelled. 

  
Hydraulic Conductivity (in/min) 

Test 

Initial NAPL 

Saturation (%) 
1.5 ft Cap 3.0 ft Cap 6.0 ft Cap 10.0 ft Cap 

1 0 1.3x10
-5

 5.8x10
-6

 5.3x10
-6

 2.2x10
-6

 

2 15 2.3x10
-5

 8.0x10
-6

 4.4x10
-6

 1.9x10
-6

 

3 21 3.4x10
-6

 2.6x10
-6

 3.1x10
-6

 1.4x10
-6

 

4 23 2.2x10
-6

 7.4x10
-6

 4.2x10
-6

 3.4x10
-6

 

5 25 1.7x10
-5

 3.5x10
-6

 1.7x10
-5

 9.3x10
-7

 

6 27 NOT CALCULATED 

7 29 5.9x10
-5

 8.3x10
-6

 5.3x10
-6

 2.2x10
-6

 

9 33 1.1x10
-4

 4.4x10
-5

 9.8x10
-6

 1.3x10
-6

 

10 39 --- 4.0x10
-4

 1.7x10
-5

 3.8x10
-6

 

11 49 --- --- --- --- 

12 70 --- --- --- --- 

13 100 --- --- --- --- 

 

Table 6.17: Hydraulic conductivity values for initially water-wet specimens when 

water expelled. 

  
Hydraulic Conductivity (in/min) 

Test 

Initial NAPL 

Saturation (%) 
1.5 ft Cap 3.0 ft Cap 6.0 ft Cap 10.0 ft Cap 

10 39 8.8x10
-4

 --- --- --- 

11 49 1.6x10
-3

 4.9x10
-3

 3.1x10
-4

 9.5x10
-5

 

12 70 9.5x10
-4

 5.8x10
-4

 8.7x10
-4

 8.1x10
-4

 

13 100 5.9x10
-4

 9.7x10
-4

 1.1x10
-3

 7.0x10
-4
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Figure 6.20: Change in hydraulic conductivity with increasing vertical effective 

stress for initially water-wet specimens. 

 

Figure 6.21 shows the change in the coefficient of consolidation values with 

increasing volumetric NAPL and water content at each loading stages. The hollow circles 

indicate the loading stages when water was expelled and the solid circles show the 

loading stages when NAPL was expelled. The results show that the coefficient of 

consolidation values are much lower when the expelled fluid is water. With increasing 

NAPL content and decreasing water content, the coefficient of consolidation values 

follow an increasing trend. At the same NAPL and water content, coefficient of 

consolidation is higher if the fluid being expelled is NAPL rather than water. 
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(a) 

 

(b) 

Figure 6.21: Coefficient of consolidation vs. volumetric (a) NAPL and (b) water 

contents for initially water-wet specimens. 
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Figure 6.22 shows the change in the hydraulic conductivity values with increasing 

volumetric NAPL and water contents at each loading stage. The hydraulic conductivity 

values follow the same trend as the coefficient of consolidation values. Increasing NAPL 

and decreasing water contents resulted in an increase in the hydraulic conductivity 

values. At high water contents, the hydraulic conductivity values slightly increased and 

decreased again. This behavior can be due to the effect of the NAPL content and the void 

ratio of the specimen on the flow rate of water. 
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(b) 

Figure 6.22: Hydraulic conductivity vs. volumetric (a) NAPL and (b) water contents 

for initially water-wet specimens. 
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Table 6.18: The initial NAPL saturation values of the initially oil-wet specimens 

used for capillary number calculation 

TEST Initial NAPL Saturation (%) 

1 31 

2 42 

3 56 

4 59 

5 70 

 

Table 6.19: The initial NAPL saturation values of the initially water-wet specimens 

used for capillary number calculation 

TEST Initial NAPL Saturation (%) 

1 0 

2 0 

3 15 

4 21 

5 23 

6 29 

7 33 

8 39 

9 70 

 

Even if the NAPL was not mobile below a threshold NAPL saturation value, at 

the beginning of each loading stage, NAPL expulsion was observed potentially due to 

high hydraulic gradients at the beginning of the consolidation. NAPL expulsion was 

visually observed on drainage lines but the volume of expelled NAPL at each loading 

stage could not be determined. Therefore for capillary number calculations it was 

assumed that the NAPL expulsion was observed until 10% of the consolidation occurred. 

Equation (2.5) was used for the capillary number calculations. θ angle was assumed to be 
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zero. The interfacial tension force between the NAPL and water was measured by Liu et 

al. (1998) and reported in Table 3.3. The hydraulic gradients are calculated for all loading 

stages after 10% consolidation for the initially water-wet and oil-wet specimens and 

shown in Figure 6.23.  

 

 

Figure 6.23: Hydraulic gradients on the initially water-wet and oil-wet specimens 

after 10% consolidation. 

 

Figure 6.24 and Figure 6.25 show the capillary numbers calculated for initially 
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-6

 for the 

initially oil-wet specimens and 1x10
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 for the initially water-wet specimens. 
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Figure 6.24: Capillary numbers for initially water-wet specimens. 

 

Figure 6.25: Capillary numbers for initially oil-wet specimens. 
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6.3 Consolidation of Anacostia Sediment 

Table 6.20 shows the compression index values of the Anacostia River sediment 

specimens. The tests were performed at initial void ratios of 2.06 and 2.58. The 

maximum compression index value was observed when the initial NAPL saturation of the 

specimen was highest at 56% and the mixing void ratio of the specimen was 2.58. The 

lowest compression index value was observed for the water saturated specimen with a 

mixing void ratio of 2.06. 

For all loading stages of the tests with Anacostia River sediment, both the NAPL 

and water expulsion was observed. The fluids were expelled as independent slugs. Figure 

6.26 shows a picture of the top drainage line when NAPL and water are expelling 

together. In Figure 6.26, since Soltrol 130 was dyed to red, the water and the NAPL in 

the drainage line can be easily recognized. The thicknesses of the NAPL and water slugs 

are very consistent which indicate that both fluids expelled at a relatively constant rate.  

Table 6.20: Compression index values for Anacostia River sediments. 

Test Initial Void Ratio Initial NAPL Content (%) Compression Index (Cc) 

1 2.58 56 0.89 

2 2.06 39 0.65 

3 2.58 32 0.65 

4 2.06 0 0.37 
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Figure 6.26: NAPL and water expulsion during consolidation test with the 

Anacostia River sediment specimen. 

 

6.4 Tests performed by Steward (2007) 

Steward (2007) performed consolidation tests on nine specimens collected from 

the field. The initial NAPL saturations of specimens were determined by performing 

hexane extraction procedure (U.S. Environmental Protection Agency 1998). NAPL 

mobilization was observed in two specimens with initial NAPL saturations 14% and 

38%. Both of these specimens were collected from a surge pond in Lake Charles. These 
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specimens were named SP-5A and SP-9D. One specimen was collected from Concord 

Pond and had an initial NAPL saturation of 32%. This specimen was named CPR-N-05. 

The other six specimens had initial NAPL saturations below 11% and no NAPL 

mobilization was observed. Table 6.21 gives general information about three specimens 

with potential NAPL mobilization. Table 6.22 shows the vertical effective stresses and 

void ratios for these three specimens. 

Table 6.21: Three specimens tested by Steward (2007) with potential NAPL 

mobilization. 

Specimen 

Number 

Specimen 

Depth 

Below Soil 

Surface 

(in) 

Water 

Depth 

(ft) 

Initial 

Water 

Content 

(%) 

Initial 

NAPL 

Saturation 

(%) 

Initial 

Void 

Ratio 

Initial 

Bulk Unit 

Weight 

(lb/ft
3
) 

Visual Description 

CPR-N-05 4-5.5 1 93 32 2.87 82 
Black, fine-grained, large particles of organic matter, 
could stand under its own weight, odor. 

SP-5A 7-10 13.8 312 38 8.42 71 
Black, fine-grained, organic matter, could not stand 

under its own weight, strong odor. 

SP-9D 11-14 7.2 177 14 4.67 81 
Black, fine-grained, organic matter, could not stand under 

its own weight, strong odor 

 

Table 6.22: Vertical effective stresses and void ratios during consolidation of the 

specimens tested by Steward (2007). 

 CPR-N-05 SP-5A SP-9D 

Loading 

Stage 

Vertical Effective 

Stress (psi) 

Void 

Ratio 

Vertical Effective 

Stress (psi) 

Void 

Ratio 

Vertical Effective 

Stress (psi) 

Void 

Ratio 

1 0.1 3.0 0.2 8.41 0.5 4.67 

2 3 2.4 1.1 6.16 0.9 3.24 

3 4.5 1.5 1.7 5.1 2 2.8 

 

Figure 6.27 shows the change in NAPL saturation of three specimens with 

increasing vertical effective stress. In Figure 6.27, continuous lines show the loading 

stages when partial NAPL expulsion was observed and dashed lines indicate the loading 
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stages when water was expelled. During consolidation of CPR-N-05, no NAPL 

mobilization was observed. It was stated that the reason for not having NAPL 

mobilization in this specimen could be because the soil might have had high organic 

content. During the last two loading stages of SP-5A, partial NAPL expulsion was 

observed. 8% of the effluent in the second loading stage and 6% of the effluent in the 

final loading stage was NAPL. Only NAPL expulsion was observed for the first 15 

minutes of the second loading stage. NAPL was expelled as ganglia with various sizes for 

the rest of the test from SP-5A. The NAPL was mobilized at the end of the consolidation 

test for SP-9D. The NAPL saturation of SP-9D at the end of the consolidation test was 

23%. 

 

 

Figure 6.27: Change in NAPL saturation with increasing vertical effective stress for 

three consolidation tests performed by Steward (2007). 
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6.5 Consolidation of Kaolinite with Organophilic Clay 

6.5.1 Organophilic Clay on Top 

Table 6.23 shows the compression index (Cc) values of the kaolinite specimens 

with a layer of organophilic clay placed on top. For all these tests, 10400 g/m
2
 

organophilic clay was used per unit area of kaolinite. The compression index values vary 

between 0.30 and 0.65 when the initial NAPL saturation changes between 28% and 70%. 

Figure 6.28 shows the change of compression index (Cc) values of all specimens with 

various initial NAPL saturations. The observed trend is very similar to the one for the 

tests without organophilic clay. When the initial NAPL saturation increases up to 51%, 

the interfacial force between water and NAPL increases and more fluid is forced out of 

the specimen, hence the soil is more compressible. Therefore the compression index 

values increase with increasing initial NAPL saturation up to 51%. At larger NAPL 

saturations, the NAPL governs the soil structure and the clay particles get into a stiffer 

formation. Thus, when the initial NAPL saturation increases from 51% to 70%, the 

compression index value decreases from 0.65 to 0.34.  
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Table 6.23: Compression index values for kaolinite specimens with a layer of 

organophilic clay layer on top. 

Test Initial NAPL Saturation (%) Compression Index (Cc) 

1 28% 0.48 

2 30% 0.46 

3 31% 0.54 

4 44% 0.52 

5 51% 0.64 

6 70% 0.43 

 

 

Figure 6.28: Compression index values with varying initial NAPL saturations for 

the specimens with a layer of organophilic clay layer on top. 
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expelled NAPL is observed. The trend of the results is in agreement with the results of 

the tests without organophilic clay. 

Table 6.24: Mass of expelled NAPL when organophilic clay was placed on the top. 

Test 

Initial Saturation of 

NAPL in Kaolinite (%) 

Weight of Expelled NAPL 

per Weight of Kaolinite Solids (g/g) 

1 28% 0.00000 

2 30% 0.02239 

3 31% 0.01823 

4 44% 0.05258 

5 51% 0.12492 

6 70% 0.08396 

 

 

Figure 6.29: The mass of expelled NAPL with increasing initial NAPL saturation of 

kaolinite. 
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Four consolidation tests were performed on the specimens at similar initial NAPL 

saturations and different organophilic layer amounts. Table 6.25 shows the amount of 

organophilic clay used in these tests and the amount of NAPL expelled. The mass of 

organophilic clay used per unit area of kaolinite varied between 0 g/m
2
 and 10400 g/m

2
. 

The weight of expelled NAPL per weight of kaolinite solids varied between 0.075 g/g 

and 0.000 g/g. As seen in Figure 6.30, when the amount of organophilic clay is more, the 

mass of expelled NAPL decreases. For field applications, the optimum amount of 

organophilic clay fulfilling the project needs can be determined. The results show that, 

when sufficient amount of organophilic clay is used, the NAPL expulsion can be stopped 

effectively. 

Table 6.25: NAPL expulsion from specimens with similar initial NAPL saturations 

and different amounts of organophilic clay. 

Test 

Initial 

Saturation 

of NAPL in 

Kaolinite (%) 

Mass of Organophilic 

Clay Solids 

per Unit Area 

of Kaolinite 

(g/m
2
) 

Weight of 

Expelled NAPL 

per Weight of 

Kaolinite solids 

(g/g) 

1 29 0 0.075 

2 27 2500 0.074 

3 28 4100 0.016 

4 28 10400 0.000 
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Figure 6.30: The relation between the amount of used organophilic clay and the 

expelled NAPL when the initial NAPL saturation of kaolinite was ~28%. 
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Table 6.26: Compression index values of specimens with organophilic clay mixed-in. 

Test 

Initial 

NAPL 

Saturation (%) 

Mass of Organophilic Clay Solids 

per Unit Area 

of Kaolinite (g/m
2
) 

Compression 

Index 

(Cc) 

1 51 5100 0.75 

2 53 5100 0.65 

3 60 5100 0.74 

4 59 10400 0.63 

6.5.3 Limitations of Tests with Organophilic Clay 

The results show that when organophilic clay is placed on top of the sediment 

specimen, organophilic clay adsorbs NAPL almost to its full capacity without any 

external pressures. It shows that organophilic clay adsorbs NAPL before the in situ 

stresses are applied. In contrast, in the field, organophilic clay is placed on sediments 

consolidated under in situ stresses. Therefore the tests with organophilic clay layer on top 

may not be representative of the field conditions. 

For the tests with mixed-in organophilic clay, dry organophilic clay was mixed 

with dry kaolinite. Moretti (2008) showed that the adsorption capacity of organophilic 

clay depends on its initial water content. Depending on the water content of the mixed-in 

organophilic clay, the amount of expelled NAPL from these specimens may be different. 

6.6 Consolidation of Organophilic Clay 

Table 6.29 shows the initial void ratio and the compression index (Cc) values for 

the water and NAPL saturated organophilic clay specimens. The results indicate that the 
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water saturated and NAPL saturated organophilic clay specimens had initial void ratios of 

2.06 and 2.25 respectively. The compression index value for the NAPL saturated 

specimen is 0.52 while the water saturated specimen has a compression index of 0.24. 

Table 6.27: Consolidation properties of organophilic clay. 

 
Initial Void Ratio (e0) Compression Index (Cc) 

NAPL Saturated 2.79 0.52 

Water Saturated 2.25 0.24 

 

6.7 Comparison of Tests with and without Organophilic Clay 

6.7.1 Rate of Consolidation 

The hydraulic conductivity of water and NAPL saturated organophilic clay was 

found higher than the hydraulic conductivity of kaolinite in this study. In addition, the 

thickness of kaolinite was much larger than the thickness of the kaolinite. Therefore the 

behavior of kaolinite governed the rate of consolidation when organophilic clay was 

used. Very similar flow rates were observed for the consolidation tests with and without 

organophilic clay. 

Figure 6.31 shows the maximum flow rates of consolidation for three tests 

without organophilic clay after 1, 10, 100 and 1000 minutes. The rate of consolidation 

values ranged between 1x10
-5

 ml/s and 7x10
-2

 ml/s for these NAPL saturations, 

decreasing with time due to consolidation. For the tests with 50% and 70% of initial 
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NAPL saturations, only NAPL expulsion was observed during consolidation; therefore 

slower flow rates are observed. Maximum flow rates were observed when the initial 

NAPL saturation was 50%, due to the relatively high water saturation, which promoted 

faster NAPL expulsion, compared to the specimen with 70% initial NAPL saturation. 

 

 

Figure 6.31: Rate of flow after 1, 10, 100 and 1000 minutes. 
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specimen. The results show that when organophilic clay is used, the amount of expelled 

NAPL decreases. The NAPL expulsion with and without organophilic clay follows a very 

similar trend with increasing initial NAPL saturation. When the initial NAPL saturation 

is around 50% maximum NAPL expulsion is observed. At this NAPL saturation, 30% 

reduction in the amount of NAPL expulsion was observed when organophilic clay was 

used. Another conclusion is that if the organophilic clay is mixed with the sediment, 

despite the use of a lesser amount, the application is as effective as placing the 

organophilic clay on the top. When the initial NAPL saturation of kaolinite was 70%, 

organophilic application did not reduce the amount of expelled NAPL. 

 

 

Figure 6.32: Comparison of the amount of expelled NAPL for specimens with and 

without organophilic clay. 
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6.7.3 Compression Behavior 

Figure 6.33 shows the compression index values for the specimens with and 

without organophilic clay. The compression index values for the tests with and without 

organophilic clay are very similar and follow a similar trend. This shows that relatively 

small amount of organophilic clay did not affect the compression behavior of the 

sediment specimen. 

 

 

Figure 6.33: Comparison of compression index (Cc) values for specimens with and 

without organophilic clay. 
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6.8 Fluid Distributions along Specimens 

The fluid distributions along specimens were determined using the hexane 

extraction and moisture content tests. Each specimen was cut into six slices and two 

samples (one for the moisture content and one for the hexane extraction tests) were taken 

from each slice. The details of the procedure can be found in Chapter 3. The amount of 

fluids expelled from the top and the bottom were collected in separate bladder 

accumulators. Hexane extraction procedure usually estimated the NAPL content of 

specimens in the range of ±20%. Therefore hexane extraction test is used to determine 

the proportion of NAPL in each slice with respect to each other. The volume of NAPL in 

the specimen was determined using the inflow and outflow of fluids during consolidation. 

The NAPL in the specimen was distributed along the specimen using the proportion of 

NAPL in each slice. 

6.8.1 Kaolinite without Organophilic Clay 

The final fluid contents of three specimens without organophilic clay were 

determined using hexane extraction and moisture content tests. Table 6.28 shows the 

percentage of the NAPL expelled and retained in specimens. Almost half of the NAPL 

was expelled from the specimen when the initial NAPL saturation was 33%. When the 

initial water saturation increased from 33% to 50%, the percentage of the expelled NAPL 

increased from 46% to 61%. The increase in the initial NAPL saturation increased the 

interfacial forces between the NAPL and water. Therefore a higher percentage of NAPL 
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was expelled at 50%. For the initial NAPL saturation of 70%, the expelled NAPL 

reduced to 19.5%. 

Table 6.28: NAPL Distribution (%) in specimens before and after consolidation. 

TEST 

Weight of 

Kaolinite Solids 

(g) 

Initial Volume of 

NAPL in 

Kaolinite 

(ml) 

Initial Saturation 

of 

NAPL in 

Kaolinite 

(%) 

Initial Distribution 

for NAPL 

(%) 

Final Distribution 

for NAPL 

(%) 

Expelled 

NAPL 

(%) 

1 146.8 44.7 33 100 54.4 45.6 

2 146.8 61.0 49 100 39.3 60.7 

3 151.1 82.2 70 100 80.5 19.5 

 

Table 6.29 shows the ratio of NAPL expelled from the top and the bottom of the 

specimen at different initial NAPL saturations For the specimens at the initial NAPL 

saturations of 33% and 50%, slightly less volume of NAPL was expelled from the top 

than the bottom possibly due to the higher confining pressures at the bottom of the 

specimen. When the initial NAPL saturation was 70%, the same amount of NAPL was 

expelled from the top than the bottom. 

Table 6.29: Percentage of expelled NAPL from the top and bottom of specimens. 

TEST 
Initial Saturation 

of NAPL (%) 

Expelled NAPL 

from Top 

(%) 

Expelled NAPL 

from Top 

(%) 

1 33 47.1 52.9 

2 49 48.6 51.4 

3 70 50.0 50.0 

 

Figure 6.34 shows the NAPL and the water distribution profiles along specimens. 

For all tests 100% line indicates the initial amount of NAPL or water. The results indicate 
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that the NAPL content is relatively higher at the top and the bottom of the specimen 

compared to the middle, which indicates that the NAPL is accumulated at the drainage 

boundaries. The maximum variation was observed for the specimen with 33% initial 

NAPL saturation potentially due to the low NAPL content; therefore change in small 

amounts in the NAPL content had a larger effect on the NAPL distribution. 
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(b) 

 

(c) 

Figure 6.34: NAPL and water distributions after consolidation for the specimens 

with (a) 33%, (b) 51%, and (c) 70% initial NAPL saturation. 
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6.8.2 Kaolinite with Organophilic Clay on Top 

Table 6.30 shows the NAPL distribution before and after the consolidation for 

three tests, with an organophilic clay layer on top. The dry weight of organophilic clay 

was 21 grams in all tests. The initial NAPL saturations of specimens were varied between 

28% and 70%.  

Table 6.30: NAPL Distribution (%) in specimens before and after consolidation. 

  

  
Initial Distribution 

for NAPL (%) 

Final Distribution 

for NAPL (%) 

Weight 

of 

Kaolinite 

Solids 

(g) 

Initial 

amount 

of 

NAPL in 

Kaolinite 

(ml) 

Initial 

Saturation 

of NAPL 

in Kaolinite 

(%) 

Mass of 

Organophilic 

Clay Solids 

per Unit Area 

of Kaolinite 

(g/m2) 

Kaolinite 
Organophilic 

Clay 
Kaolinite 

Organophilic 

Clay 

Expelled 

NAPL 

(%) 

136.1 33.2 28 10400 100 0 27 73 0 

146.4 62.9 49 10400 100 0 14 47 38 

136.1 72.2 70 10400 100 0 47 32 21 

 

6.8.2.1 Initial NAPL Saturation = 28% 

Table 6.31 shows the volume of NAPL and water in the specimen after the 

consolidation test calculated using the consolidation test data and hexane extraction 

results. The results show that 17% of NAPL was lost during the hexane extraction 

process.  
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Table 6.31: Volume of fluids in the specimen calculated using hexane extraction and 

consolidation test data for the specimen with an initial NAPL saturation of 28%. 

 
Consolidation Hexane Extraction 

NAPL (ml) 33.24 27.69 

Water (ml) 75.97 70.78 

TOTAL (ml) 109.21 98.48 

 

Figure 6.35 shows the initial and final fluid distributions along the kaolinite 

specimen with an organophilic clay layer on the top and the initial NAPL saturation of 

kaolinite was 28%. For the initial fluid distribution, no tests were performed. The profile 

was estimation based on the initial fluid contents. The results show that organophilic clay 

can adsorb 0.88 grams of NAPL per 1 gram of dry organophilic clay. The NAPL content 

of the kaolinite changed between 0.07 g/g and 0.04 g/g with an average of 0.05 g/g. A 

gradual decrease in the NAPL content can be observed with increasing depth. 

As seen in Figure 6.35 (b), water content of the organophilic clay decreased from 

0.90 g/g to 0.35 g/g with consolidation. Water content of kaolinite is approximately 0.5 

g/g. When compared with the initial, the water content of both the organophilic clay and 

the specimen decreased. 
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(a) 

 

(b) 

Figure 6.35: (a) NAPL and (b) water distributions along the specimen with an initial 

NAPL saturation of 28%. 
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6.8.2.2 Initial NAPL Saturation = 51% 

Table 6.32 shows the comparison of volumes of fluids calculated using the 

hexane extraction and consolidation test data. The results show that approximately 16% 

of NAPL was lost during the hexane extraction process. 

Table 6.32: Volume of fluids in the specimen calculated using hexane extraction and 

consolidation test data for the specimen with an initial NAPL saturation of 49%. 

 
Consolidation Hexane Extraction 

NAPL (ml) 37.90 31.74 

Water (ml) 60.60 54.72 

TOTAL (ml) 98.50 86.47 

 

Figure 6.36 shows the NAPL distribution along the specimen with an 

organophilic clay layer on the top and an initial NAPL saturation of 51%. The results 

show that 1.05 grams of NAPL is adsorbed by 1 gram of dry organophilic clay. The 

NAPL was uniformly distributed along the kaolinite. The NAPL content of the kaolinite 

was approximately 0.05 g/g. More than 85% of NAPL in kaolinite was displaced. 

As seen in Figure 6.36 (b), water content of organophilic clay was reduced from 

0.9 g/g to 0.08 g/g. Water content of kaolinite was approximately 0.5 g/g. 13% increase 

in the NAPL content of kaolinite is observed. The results show that at least some portion 

of water in the organophilic clay was forced into the kaolinite specimen. The fluids in the 

organophilic clay and kaolinite were redistributed between each other. 
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(a) 

 

 

(b) 

Figure 6.36: (a) NAPL and (b) water distributions along the specimen with an initial 

NAPL saturation of 51%. 
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6.8.2.3 Initial NAPL Saturation = 70% 

Table 6.33 shows the volumes of the NAPL and water in the specimen after 

consolidation for the specimen with an initial NAPL saturation of 70%. The results show 

that approximately 6% of NAPL could not be recovered by hexane extraction. 7.5% of 

total volume of the fluids was lost  

Table 6.33: Mass balance for fluids using the hexane extraction and consolidation 

test data for the specimen with initial NAPL saturation of 70%. 

 
Consolidation Hexane Extraction 

NAPL (ml) 57.24 53.77 

Water (ml) 42.57 38.53 

TOTAL (ml) 99.81 92.31 

 

Figure 6.37 shows the NAPL and water distribution along the specimen with a layer of 

organophilic clay on top for an initial NAPL saturation of kaolinite of 70%. The results 

show that 0.85 grams of NAPL was adsorbed by 1 gram of organophilic clay. The NAPL 

was uniformly distributed along the kaolinite with an average NAPL content of 0.19 g/g. 

approximately 55% of NAPL was expelled as a result of consolidation. 

As seen in Figure 6.39 (b), the water content of the organophilic clay was reduced 

from 0.9 g/g to 0.08 g/g. Water was uniformly distributed along the kaolinite with an 

average water content of 0.37 g/g. Water content of kaolinite increase approximately 

54%. 
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(a) 

 

(b) 

Figure 6.37: (a) NAPL and (b) water distribution along the specimen with initial 

NAPL saturation of 70%. 
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6.8.2.4 Specimen without Consolidation 

In order to figure out the fluid distributions along the specimen before the 

consolidation test, one specimen was mixed to an initial NAPL saturation of 70% and 

placed into the triaxial membrane. 10400 g/m
2
 organophilic clay per unit area of kaolinite 

was placed on top of the kaolinite. The triaxial cell was assembled and filled with water. 

The drainage lines were turned off. The specimen was kept in the cell for overnight under 

undrained conditions and without any external pressures. After one day, the specimen 

was taken out of the membrane and dissected to 6 slices for the moisture content and 

hexane extraction tests. 

Table 6.34 shows the comparison of the volumes of fluids obtained from the 

hexane extraction and moisture content tests with the initial volumes that the specimen 

was mixed at. When the specimen was taken out of the membrane, some free NAPL was 

observed around the specimen (Figure 6.38). In addition, due to the disturbance during 

specimen preparation, extra NAPL expulsion was observed. As seen in Table 6.34, only 

73% of NAPL could be recovered by hexane extraction test due to the losses during 

specimen preparation.  

 

Table 6.34: Comparison of fluid volumes obtained by the hexane extraction and 

moisture content tests with the initial volumes. 

 
Initial Hexane Extraction 

NAPL (ml) 64.91 47.66 

Water (ml) 26.72 51.62 

TOTAL (ml) 91.63 99.28 



 172 

 

 

Figure 6.38: NAPL loss during specimen preparation for hexane extraction 

 

Figure 6.39 shows the initial and final fluid distributions along the specimen 

before any consolidation pressure was applied. The results show that the organophilic 

clay adsorbed 0.77 gram of NAPL per 1 gram of dry organophilic clay. The organophilic 

clay could adsorb NAPL almost to its full capacity even without any external pressures. 

The NAPL content of kaolinite was scattered and varied in the range of 0.13 g/g and 0.23 

g/g with an average of 0.17 g/g. The water in the organophilic clay was exchanged with 

the NAPL in kaolinite. 
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(a) 

 

(b) 

Figure 6.39: (a) NAPL and (b) water distributions along the specimen with initial 

NAPL saturation of 70% without any external pressures under undrained 

conditions. 
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6.8.2.5 Discussion of Results 

The results of the tests on specimens with a layer of organophilic clay shows that 

organophilic clay can reach to its capacity independent of the NAPL content of the 

sediment specimens. The adsorption capacity of organophilic clay ranged between 0.85 

g/g and 1.05 g/g with an average of 0.93 g/g. Without any external pressures, 

organophilic clay adsorbed 0.77 grams of NAPL per its dry weight. Slightly higher 

NAPL adsorption was observed when the initial NAPL saturation of kaolinite was 49% 

in which the maximum NAPL expulsion was expected from the specimen when no 

organophilic clay was used. The results show that when more NAPL tended to pass 

through the organophilic clay, higher NAPL adsorption took place. For context, in terms 

of the rate of adsorption the maximum flow rate from consolidation was about 2x10
-2

 

ml/s. 

The fluids in the specimen were redistributed between the organophilic clay and 

the kaolinite. The water content in the kaolinite increased after consolidation for the 

specimens with initial NAPL saturations of 49% and 70%. The NAPL and water contents 

in the kaolinite were the same for the first two specimens and almost four times higher 

when the initial NAPL saturation was 70%. The specimen exhibits a stiffer structure 

when the initial NAPL saturation in 70%. The stiffer structure allowed kaolinite to hold 

more NAPL. 
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6.8.3 Kaolinite with Mixed-In Organophilic Clay 

The fluid contents of the specimens were determined using the hexane extraction 

and moisture content tests for three specimens where the dry organophilic clay was 

mixed with the dry kaolinite. These three tests were at 54%, 60%, and 67% initial NAPL 

saturations. For the first two tests, 5100 g/m
2
 of organophilic clay was mixed per unit 

area of the kaolinite. For the last test, the same amount of organophilic clay, 10400 g/m
2
, 

as in the tests with an organophilic clay on the top was used in order to compare the 

efficiency of the two organophilic application methods. For the first two tests, the 

percentage of dry masses of the organophilic clay and the kaolinite in the specimen were 

7.5% and 92.5%. For the last test, 10.5% of the total dry mass was the dry organophilic 

clay and 89.5% was dry kaolinite. 

6.8.3.1 Initial NAPL Saturation = 54% 

Table 6.35 shows the volumes of fluids in the specimen with organophilic clay 

mixed-in. The initial NAPL saturation of the specimen was 53%. Approximately 4% of 

NAPL was lost during the hexane extraction process. 

Table 6.35: Mass balance for the specimen with initial NAPL saturation of 70% and 

organophilic clay mixed-in. 

 
Consolidation Hexane Extraction 

NAPL (ml) 34.09 32.81 

Water (ml) 47.82 58.95 

TOTAL (ml) 81.92 91.76 
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Figure 6.40 shows the fluid distribution along the specimen when the initial 

NAPL saturation was 54% and the organophilic clay was mixed-in the sediment. The 

NAPL content of the specimen along the depth varied between 0.13 g/g and 0.20 g/g with 

an average of 0.17 g/g. The NAPL content at the top was slightly lower than the rest of 

the specimen. The water content of the specimen varied between 0.28 g/g and 0.34 g/g 

with an average of 0.31 g/g. 
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(b) 

Figure 6.40: (a) NAPL and (b) water distributions along the specimen with initial 

NAPL saturation of 54% and organophilic clay mixed-in. 

 

6.8.3.2 Initial NAPL Saturation = 60% 

Table 6.36 shows the volumes of fluids in the specimen calculated using the 

hexane extraction and consolidation tests data. The initial NAPL saturation of the 

kaolinite was 60%. For this specimen the loss of NAPL during the hexane extraction was 

15%. 
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Table 6.36: Mass balance for the specimen with initial NAPL saturation of 70% and 

organophilic clay mixed-in. 

 
Consolidation Hexane Extraction 

NAPL (ml) 48.42 41.20 

Water (ml) 44.34 54.64 

TOTAL (ml) 92.76 95.84 

 

Figure 6.41 shows the fluid distributions along the specimen with an initial NAPL 

saturation of 60% and organophilic clay was mixed-in. The NAPL content of the 

specimen varied between 0.18 g/g and 0.28 g/g with an average of 0.23 g/g. The water 

content of the specimen was changing between 0.24 g/g and 0.31 g/g with an average of 

0.28 g/g. From the top of the specimen to the bottom, an increasing trend of NAPL 

content can be observed. 
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(b) 

Figure 6.41: (a) NAPL and (b) water distribution along the specimen with initial 

NAPL saturation of ~50% and organophilic clay mixed-in. 

6.8.4 Comparison of NAPL Distribution along Specimens with and without 

Organophilic Clay 

In this section, the fluid content profiles were compared for the specimens with 

and without organophilic clay layer. Figure 6.42 shows the fluid distributions along the 

specimens with and without organophilic clay after the same stresses are applied. The 

initial NAPL saturations of the specimens are given next to the data lines and varied 

between 28% and 33%. The average NAPL content of the kaolinite without organophilic 

clay was 0.14 g/g; whereas the average NAPL content of kaolinite with organophilic clay 

on the top was 0.04 g/g 
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(a) 

 

(b) 

Figure 6.42: Comparison of (a) NAPL and (b) water distribution along the specimen 

with initial NAPL saturation of 28% and 33%. 
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Figure 6.43 shows the fluid distributions along the specimens with and without 

organophilic clay after the same stresses are applied. The initial NAPL saturations of the 

specimens are given next to the data lines and varied between 49% and 54%. The results 

show that, if the specimen has an organophilic clay layer on the top, the NAPL content of 

kaolinite is lower than the NAPL content of the kaolinite without organophilic clay. The 

average NAPL content of the kaolinite was reduced from 0.08 g/g to 0.05 g/g for these 

two specimens. The NAPL content of the specimen with mixed-in organophilic clay was 

higher than the other two due to the organophilic clay in the specimen and slightly higher 

initial NAPL saturation. Water contents of the specimens showed the opposite trend and 

the highest water content was observed for the specimen with an organophilic clay on the 

top. The lowest water content was observed for the specimen with mixed-in organophilic 

clay. 

If the NAPL adsorbed by the kaolinite in kaolinite-organophilic clay mixture was 

assumed as the same as the NAPL adsorbed by kaolinite with organophilic clay layer on 

top, the NAPL adsorbed by the organophilic clay in the kaolinite-organophilic mixture 

was calculated as 3.1 grams of NAPL per dry weight of organophilic clay. If the NAPL 

adsorbed by the kaolinite in kaolinite-organophilic clay mixture was considered the same 

as the NAPL adsorbed by kaolinite without organophilic clay, the NAPL adsorbed by the 

organophilic clay in the kaolinite-organophilic clay mixture was obtained as 2.4 grams of 

NAPL per dry weight of organophilic clay. 
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(a) 

 

(b) 

Figure 6.43: Comparison of (a) NAPL and (b) water distribution along the specimen 

with initial NAPL saturation ~54%. 
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Figure 6.44 shows the comparison of the fluid distributions along the specimens 

with and without organophilic clay for the initial NAPL saturation of 70%. The results 

show that the NAPL content along the specimen reduced from 0.37 g/g to 0.19 g/g when 

a layer of organophilic clay was placed on the top. The water distributions showed the 

opposite trend and higher water content was observed for the kaolinite specimen with a 

layer of organophilic clay layer on the top. 
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(b) 

Figure 6.44: (a) NAPL and (b) water distribution along the specimen with initial 

NAPL saturation of 70%. 

 

6.8.4.1 Discussion of Results 

The comparisons of the fluid distributions for the specimens with and without 

organophilic clay indicate that when a layer of organophilic clay is placed on the top of 

the sediment, the organophilic clay will tend to adsorb as much NAPL in order to reach 

its full capacity. Therefore, organophilic clay may mobilize an extra amount of NAPL 

which would be immobile in the sediment layer if there was no organophilic clay on the 

top. This can be observed especially when the NAPL saturation is higher as in Figure 

6.44.  
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6.9 Column Test 

In order to investigate the performance of organophilic clay without any external 

pressure on a taller sediment specimen, a column test was designed. Figure 6.45 shows 

the schematic and pictures of the fixed wall column used for this test. The diameter of the 

column was 2.8 in. The height was adjustable between 12 in and 16 in. 12 in of Hydrite 

RS-A type of kaolinite slurry was placed in the column. Hydrite RS-A is the same type of 

kaolinite as Hydrite R with smaller particle size. The manufacturer reported that the 

median particle size of Hydrite RS-A was 0.45 μm (IMERYS). Kaolinite was placed into 

the column in several lifts. After each lift it was lightly tapped. The initial NAPL and 

water saturation of kaolinite was 70% and 30% with an initial void ratio of 2.05. 

Organophilic clay was submerged in water in a bowl for saturation. Water saturated 

organophilic clay was placed on the top with a spatula in several lifts. Several inches of 

the top of the column was left empty in order to provide room for organophilic clay for 

swelling. The top of the column was sealed to prevent any moisture loss. The height of 

the specimen in the column was observed until the swelling of the organophilic clay 

stopped. Then the specimen was taken out of the column and cut into 12 slices. 
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Figure 6.45: Schematic and pictures of the fixed wall column test set up. 

Soil samples were taken from three different locations on the initial sediment 

mixture before placing into the column in order to verify the initial fluid contents. After 

the test is finished, the organophilic clay was separated from the kaolinite specimen and 

mixed thoroughly in order to obtain a homogenous mixture. Organophilic clay samples 

were taken from four different locations on this mixture. The fluid content of the 

organophilic clay was determined by averaging fluid contents of these four samples. The 
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kaolinite sediment was cut into 8 slices. The NAPL and water contents of each slice are 

determined using hexane extraction and moisture content tests. 

Table 6.37 shows the intended and measured gravimetric NAPL and water 

contents of the initial kaolinite mixture. Intended fluid content was the fluid content that 

the kaolinite was mixed at. Gravimetric fluid content is defined as the ratio of the weight 

of fluid to the weight of soil solids. The error in fluid content estimation was in a range of 

±15%. 

Table 6.37: Comparison of the intended and measured fluid contents of the 

kaolinite. 

 
Gravimetric Fluid Content

*
 

 
Intended Measured Error (%) 

NAPL 0.43 0.46 7 

Water 0.24 0.20 -15 

Total 0.67 0.66 -1 

*
Gravimetric fluid content = weight of fluid/weight of soil solids 

 

Table 6.38 shows the comparison of the initial and the measured fluid contents 

using the hexane extraction and moisture content tests. During the test it was observed 

that fluid expelled out of the specimen and filled the gap between the column wall and 

the specimen. Due to this expelled NAPL, the loss of NAPL from hexane extraction test 

was as high as 25%. 
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Table 6.38: Comparison of the initial and measured volumes of fluids in the 

organophilic clay and kaolinite. 

 
Initial Measured Loss (%) 

NAPL (ml) 585 436 -25 

Water (ml) 478 533 11 

Total (ml) 1064 969 -9 

 

Figure 6.46 shows the NAPL and water distributions along the soil column. The 

results show that 1 gram of organophilic clay adsorbed 0.58 gram of NAPL. The NAPL 

distribution along the specimen showed a slightly decreasing trend with increasing depth. 

The influence of the organophilic clay could be observed even at the bottom of the 12-in 

kaolinite column. The NAPL content of the kaolinite varied between 0.21 g/g and 0.38 

g/g with an average of 0.29 g/g. An opposite trend was observed for the water 

distribution along the specimen. The water content of the specimen slightly increased 

with increasing depth. The water content of the kaolinite varied between 0.31 g/g and 

0.45 g/g with an average of 0.39 g/g. 
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(a) 

 

(b) 

Figure 6.46: (a) NAPL and (b) water distribution along organophilic clay and 

kaolinite column. 
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6.10 Summary and Conclusions 

The engineering properties for the sediment specimens without organophilic clay 

were reported and their relation with the NAPL and water content of the specimens was 

investigated. The performance of organophilic clay was determined using it either as a 

layer on the top of the sediment or mixing with the sediment solids. Fluid distribution 

profiles were obtained for the representative specimens. The results were compared for 

the tests with and without organophilic clay. 

Results of the tests with water saturated kaolinite specimens were in agreement 

with the results reported in the literature. The order of mixing pore fluids with the 

sediment solids did not affect the consolidation parameters of specimens. For this soil, 

when the initial NAPL saturation was approximately 19%, the NAPL expulsion almost 

completely stopped. This NAPL saturation corresponds to a volumetric NAPL content of 

~14%. 

The results show that the NAPL content of specimens affects their engineering 

properties. Depending on the expelling fluid type and content, both the coefficient of 

consolidation and hydraulic conductivity values varied almost four orders of magnitude. 

With increasing NAPL content, an increasing trend was observed in hydraulic 

conductivity and coefficient of consolidation values. 

The compression index values and the volumes of expelled NAPL from 

specimens showed very similar trends with increasing initial NAPL saturations. Both of 

these parameters showed an increasing trend up to an initial NAPL saturation of 50%. 
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For larger saturations than 50%, compression index values and volumes of expelled 

NAPL from specimens decreased. 

The tests with organophilic clay showed that if enough amount of organophilic 

clay is used, NAPL expulsion can be completely stopped. For the specimens with 

different initial NAPL contents, organophilic clay adsorbed the NAPL almost to its full 

capacity for all tests including a test without any external pressure. The adsorption 

capacity of organophilic clay was measured approximately 0.93 grams of NAPL per one 

gram of dry organophilic clay. 

The comparison of fluid distribution profiles with and without organophilic clay 

on kaolinite specimen showed that organophilic clay pulled NAPL which would be 

immobile if there was no organophilic clay. Use of organophilic clay did not affect the 

compression index values of specimens. 

The same amount of NAPL expulsion was observed when the organophilic clay 

was mixed with the sediments solids rather than placing as a layer on the top. Less mount 

of organophilic clay was used when it is mixed with kaolinite. The tests with Anacostia 

River sediment showed that during loading stages both NAPL and water expelled out of 

the specimen. 
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 

7.1 Research Objectives 

This chapter summarizes the major findings of this study. The main objectives of 

this study were (1) to develop a testing system in order to simulate the consolidation 

behavior of very soft sediments under low effective stresses, (2) to develop a laboratory 

specimen preparation procedure for reconstituted sediments in the laboratory at various 

void ratios and non-aqueous phase liquid (NAPL) saturations, (3) to perform 

consolidation tests on sediments which have various NAPL contents, (4) to perform 

consolidation tests using clean field sediments contaminated in the laboratory and (5) to 

perform consolidation tests on sediments with organophilic clay. 

The specimens in this study were tested using a modified triaxial apparatus. A 

laboratory specimen preparation method for NAPL contaminated sediments was 

developed. Consolidation tests were performed on kaolinite specimens without any 

organophilic clay for characterization of the behavior of NAPL contaminated sediments. 

Then the study focused on the assessment of organophilic clays. For the consolidation 

tests, organophilic clay was either placed on the top or mixed with the sediment solids. 

Clean, dry Anacostia River sediment was mixed with NAPL and water for consolidation 

tests. 
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7.2 Research Conclusions 

The conclusions on each testing program are listed as follows: 

- The tests on water saturated clean kaolinite specimens revealed that: 

1. The developed testing system worked efficiently under very low effective 

stresses. Several consolidation tests were performed in order to compare the 

results with the results reported in the literature for the similar type of kaolinite. 

Both the consolidation curves and the consolidation rates were in good agreement. 

2. The consolidation tests with lateral earth pressure coefficients of 0.5, 0.6, and 0.7 

indicated that the change in lateral earth pressure coefficient (K0) had a negligible 

effect on the consolidation behavior. These tests with different lateral earth 

pressure coefficients followed very similar consolidation behaviors. 

3. As long as the same effective stresses are applied, different total stress application 

resulted in a similar consolidation behavior. The applied total stresses were 

calculated for water tables located 5 ft and 10 ft above the sediment layer. 

- The tests on NAPL contaminated kaolinite specimens without organophilic clay 

revealed that: 

1. For the soils tested in this study, when preparing a NAPL contaminated specimen, 

the maximum water saturation that the kaolinite could be mixed at was 30% (the 

NAPL saturation for this condition would be 70%). For higher water saturations, 



 194 

the NAPL in specimens were mobilized and floated out. Therefore it was 

suggested that the NAPL saturations of specimens should be reduced by flushing 

water through after placing the sediment mixture into the membrane and filling 

the triaxial cell with water. 

2. The specimen preparation procedure presented in this study was efficient in 

preparing specimens at various fluid contents and void ratios. For this study, 

sediment specimens were prepared at initial void ratios around 2.0 with varying 

NAPL saturations between 15% and 100%. 

3. The volume of NAPL expelled from specimens showed an increasing trend up to 

approximately 50% of initial NAPL saturation. The NAPL expulsion decreased 

for higher initial NAPL saturations. With increasing initial NAPL saturation up to 

50%, due to the increase in the NAPL content, the interfacial tension force 

between the NAPL and water increases. Therefore more fluids are tended to 

displace. Since water is the wetting fluid and occupies the small pores, the NAPL 

have a higher tendency to be driven out. When the initial NAPL saturation is 

higher than 50%, the double layers around the clay particles shrink and clay 

particles form a more flocculated structure. Thus, the specimen exhibits a stiffer 

and less compressible behavior, which results in less NAPL expulsion. 

4. The compression index (Cc) values showed an increasing trend up to 

approximately 50% of initial NAPL saturation of the specimen. When the initial 
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NAPL saturation was higher than 50%, compression index values decreased. The 

change in compression index values was similar to the NAPL expulsion behavior 

with increasing NAPL saturation 

5. The NAPL expulsion was negligible below threshold NAPL content. For this soil, 

below 19% of NAPL saturation or 14% of volumetric NAPL content, the NAPL 

was mostly immobile. However, negligible amounts of NAPL expulsion were 

observed at the beginning of every loading stage possibly due to high hydraulic 

gradients on the specimen at the beginning of the consolidation.  

6. Hydraulic conductivity and coefficient of consolidation (Cv) values depended on 

the expelling fluid type. When NAPL was expelled, hydraulic conductivity and 

coefficient of consolidation values were as much as four orders of magnitude 

larger than when water expelled. 

7. When the same type of fluid is expelled from the specimen, both the hydraulic 

conductivity and coefficient of consolidation values depended on the expelling 

fluid content. When the expelling fluid content increased, hydraulic conductivity 

and coefficient of consolidation (Cv) values followed an increasing trend. 

- The tests on NAPL contaminated kaolinite specimens with organophilic clay revealed 

that: 
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1. X  A series of tests were performed with various organophilic clay 

thicknesses on kaolinite specimens with similar initial NAPL saturations. 

When more organophilic clay was used, less NAPL expulsion was observed. 

2. The compression index values for the specimens with organophilic clay were 

very similar to the values for kaolinite specimens. Relatively thin layer of 

organophilic clay layer did not have a significant effect on the 

compressibility of specimens. 

3. The volume of expelled NAPL from specimens with organophilic clay 

followed a similar trend as the specimens without organophilic clay layer. 

When the initial NAPL saturation was approximately 50%, the maximum 

amount of NAPL was expelled from the specimen. 

4. Similar amounts of NAPL expulsion was observed from the specimens if the 

organophilic clay was mixed with the kaolinite or placed as a layer on the 

top.  

5. Organophilic clay reached its full capacity independent of the NAPL content 

of the underlying sediment. The adsorption capacity of organophilic clay was 

found to be 0.93 grams per gram of dry organophilic clay. Without any 

external pressures, similar adsorption capacity was measured. Design of an 

active cap layer based on the estimate of NAPL expulsion only from 

sediment layer may be under conservative. 
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6. When placed on a sediment layer, organophilic clay can pull extra NAPL that 

would be immobile without an organophilic clay layer. The NAPL contents 

of the kaolinite sediments were consistently lower if a layer of organophilic 

clay was placed on the top. 

7. When a layer of organophilic clay layer was placed on the specimen, similar 

volumes of NAPL were expelled from the top and the bottom of the 

specimen. The NAPL and water were uniformly distributed along the 4 in 

specimen. A fixed column test showed that the organophilic clay layer can 

redistribute the fluids along the specimen at least to a depth of 12 inches in 

the sediment layer. 

7.3 Recommendations for Future Work 

Several investigations which would build upon the findings of this study include:  

1. Performance of Real Sediments    The findings of this study are based on the tests 

with uniform and homogeneous sediment specimens. One type of sediment solids 

(kaolinite) and one type of NAPL (Soltrol 130) was used for the experiments. The 

results with Anacostia River sediment show that the behavior of real sediments 

can be different. Therefore, research should focus on the behavior of NAPL 

contaminated real sediments. 

2. The effect of the rate of flow on the performance of organophilic clay   The results 

of the tests with organophilic clay in this study were reported for a certain range 
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of flow rates. Different flow rates may change the performance of organophilic 

clays. Separate constant flow rate column tests can be performed to investigate 

the effect of flow rate on adsorption. 

3. Performance of other active cap materials    The test procedure presented in this 

research can be used to evaluate the performance of other active cap materials 

such as aquablok, coke or activated carbon 

4. Use of organophilic clay to remediate oil spills    The results showed that 

organophilic clay can adsorb oil almost to its full capacity without any external 

pressure. An organophilic clay layer placed on a NAPL contaminated soil column 

could pull oil out at least from 12-in below. Organophilic clays are promising in 

order to remediate onshore or offshore oil spills. 
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